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ABSTRACT
HYDROTHERMAL PROCESSES FOR EXTRACTION AND CONVERSION OF BIOMASS
TO PRODUCE BIOFUELS AND VALUE-ADDED PRODUCTS
Anuj Hemant Thakkar
Old Dominion University, 2021
Director: Dr. Sandeep Kumar

An integrated biorefinery approach based on subcritical hydrothermal processes was
developed to maximize utilization of biomass components by producing multiple products.
Biomass from various sources like agricultural waste (lignocellulose), food waste (spent yeast),
and dedicated cultivation (micro-algae) was used in this research.
Corn stover (agricultural waste) was hydrothermally pretreated to remove lignin and
xylan while preserving most of the glucan. The pretreated corn stover was utilized to produce
levulinic acid (thermochemically) and fermentable sugars (biochemically). The solid residue
generated during levulinic acid production was utilized to produce biocarbon electrode material.
The results generated from the experiments were used for designing a pilot facility to process
one ton of corn stover per day.
A continuous-flow hydrothermal treatment ‘flash hydrolysis’ was deployed for yeast
protein recovery. The liquid hydrolysate with the solubilized amino acids and peptides was tested
as nutrient for cultivation of E. coli in a continuous bioreactor and the yields were compared with
the commercial yeast extract. Finally, the kinetic parameters for yeast solubilization like reaction
order, activation energy, and pre-exponential factor were determined.
High-protein micro-algae (Scenedesmus sp.) slurry was parallelly fractionated using flash
(continuous mode) and acid (batch mode) hydrolysis. Most of the proteins and carbohydrates in
micro-algae were recovered in liquid hydrolysate whereas the lipids in solid residue were

extracted using organic solvent. The flash and acid hydrolysis derived post extraction solid
residue was thermally activated to produce highly porous biocarbon nanosheets.
Overall, the developed processes provide multiple value-added products generated from
renewable sources for a greater financial and environmental sustainability. Also, strategies to
improve and down select the developed technologies were discussed.
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CHAPTER 1
INTRODUCTION
Note: Some contents of this chapter were adapted from the chapters published in the book ‘Suband Supercritical Hydrothermal Technology’.
A. Thakkar, S. Kumar, Supercritical Water Gasification of Biomass: Technology and Challenges,
in: Sub-and Supercrit. Hydrothermal Technol., CRC Press, 2019: pp. 85–105.
A. Thakkar, S. Kumar, Hydrothermal Carbonization for Producing Carbon Materials, in: Suband Supercrit. Hydrothermal Technol., CRC Press, 2019: pp. 67–83.

A growing interest in research involving renewable energy and materials has been
observed in the last few decades, due to finite reserves of fossil fuels and the environmental
concerns, specifically global warming. United Nations has quoted that climate change is a
defining issue of our times, and we are currently at a defining moment. At this point of time, the
world heavily relies on the fossil fuels for its energy demand. As per the ‘Renewables 2020
Global Status Report’, in 2018 the share of fossil fuels and modern renewables in final energy
demand was 79.9% and 11%, respectively [1]. Various renewable options currently being
explored and utilized are wind, hydro/oceanic, geothermal, solar, and biomass energies. Among
all these options, biomass is the only renewable source capable of directly producing solid,
liquid, and gaseous fuels. Other than bioenergy, biomass can also be used to produce renewable
biochemicals.
Biorefineries are being developed to utilize biomass to produce bioenergy and valueadded products, based on the concept of today’s petroleum refinery. Biorefinery involves a
sequence of environmentally friendly processes that employs biomass as raw material [2–4].
Biofuels have been explored as an alternative to reduce the dependence on petroleum. Biofuels
are obtained from biomass through chemical, physical, or biological processes. They present
several advantages such as easy availability, clean processing, and biodegradability. Overall,
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utilization of biomass for the production of fuel and chemicals is considered as a potential
sustainable solution for modern needs.
Greenhouse gas (GHG) emissions from the use of fossil fuels can be mitigated up to a
certain extent by replacing it with biofuels produced from biomass [5]. Photosynthetic biomass is
seen as power banks of solar energy, its additional advantage is in its wider distribution in the
world which may eliminate the regional dependence for the energy sources. Energy security
along with environmental concerns have also made scientists around the world tap the potential
of biomass as an alternative raw material. It is a sustainable source of energy that can also help in
regional economic development. Currently, it is the fourth largest source of energy for the world
and is projected to contribute 10–20 % of total energy by the end of the 21st century [5].
1.1 Classification of Biomass
Two major biofuel production pathways that are commercialized so far are fermentation
of sugars to produce ethanol and transesterification of oils obtained to produce biodiesel. Sugars
used for ethanol production are extracted from crops like corn and sugarcane. Ethanol has a high
octane number (108) and has the advantage of being able to be used in automobile engines [6].
On the other hand, biodiesel is produced from oils extracted from oilseeds like canola, jatropha
etc. The downside of these two technologies is that it requires fertile land and water for the
cultivation of feedstock and thus raises the issue of ‘food vs. fuel’. This issue makes it necessary
to explore biomass sources that do not compete with food crops for cultivation land and water.
Various kinds of biomass like agricultural waste, food waste, and micro-algae are being used to
produce valuables employing environment friendly processes.
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1.1.1 Agricultural Waste
Lignocellulose in form of agricultural, forest, and industrial residues makes almost 90%
of available land biomass. Lignocellulosic agricultural waste is plant cell wall construction
material which is abundantly available and does not directly compete with food and feed
production [7]. Dedicated energy crops, such as switchgrass and poplar, are also being grown to
meet energy demands, however, these crops compete with food and feed production.
Lignocellulosic biomass is made up of four major components: cellulose, hemicellulose, lignin,
and ash. The proportion of each of these components varies with the kind of biomass and many
other factors. Lignocellulosic material is a promising feedstock for the production of bioethanol
and other biochemicals [8].
Agricultural residues such as corn stover, wheat straw, rice straw, bagasse, and wheat
bran are rich in lignocellulose. Corn stover is the residue after harvesting corn kernel which
comprises of stalks, leaves, cobs, and husks [8]. In the United States alone, more than 100
million dry tons of corn stover is produced per annum [9]. It has many potential applications, and
a few are discussed in greater detail in Chapter 2.
1.1.2 Food Waste
Municipal solid waste (MSW) is a complex mixture, typically consisting of food waste,
glass, metals, yard trimmings, woody waste materials, non-recyclable paper and plastic,
construction and demolition waste, rags, and sludge from wastewater treatment. The composition
and classification of MSW varies substantially between different municipalities worldwide.
Although it consists of both biodegradable and non-biodegradable fractions from organic and
inorganic materials, respectively. Using MSW as a feedstock for energy is a challenge due to its
low energy content, high moisture, heterogeneous composition, and distributed availability.
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Organic food waste is one of the major MSW contributors. About 20 million tons of CO2
equivalent greenhouse gases (GHG) is emitted due to food waste every year. As per Food and
Agricultural Organization (FAO), globally every year about $750 billion worth of food waste is
generated. One-third of total food produced for humans is wasted, which is approximately 1.6
billion tons per year. 54% of this food is wasted during production, post-harvest handling, and
storage. Whereas the rest is wasted when it enters into the processing industry [10,11].
Incineration and landfills are most widely used food disposal techniques. Incineration causes the
release of pollutants like dioxins, furans, and particulates while landfills lead to issues like odor,
pests, and GHG emission [12,13]. Food wastes have considerable amount of water/moisture in it
which makes incineration a poor disposal choice. Various food wastes generated like fruits,
vegetables, sugarcane bagasse, food processing industry by-products, etc., can be used as
feedstock for producing energy and biochemicals. In this research work (Chapter 3), a process
was developed to utilize spent yeast which is generated as waste during fermentation process in
the food and beverage industry.
1.1.3 Micro-algae
Micro-algae can be grown in marine and freshwater in the presence of CO2 and sunlight
through photosynthesis. The biomass productivity of micro-algae is much higher than other
photosynthetic terrestrial plants. Also, unlike dedicated energy crops, micro-algae do not occupy
fertile land meant for growing food crops [14–16]. The productivity of micro-algae can be 50
times higher than that of dedicated energy crops like switchgrass [17]. Out of more than 50,000
algae species present on earth, very few are studied and utilized for various applications. Algal
cells are made up of proteins, carbohydrates, lipids, and ash in different proportions specific to
the species and growth conditions. Uniform transportation of highly concentrated micro-algae
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solution into and out of the reactor is easier owing to its density and other physical properties
compared to lignocellulosic biomass [18]. Algae can be converted into bio-crude through
hydrothermal liquefaction (HTL) which also generates gaseous phase, solid residue, and carbonrich aqueous phase. The fraction of biomass in the aqueous phase is generally in the range of 30–
50% and can be as high as 68% [19]. Micro-algae species with higher lipid content are suitable
feedstock for the production of renewable energy (biofuels) and those with higher protein and
carbohydrate are ideal for producing food supplements, human nutritional products, cosmetics,
and animal feed [20].
1.2 Biomass Processing Technologies
Chemical processes that are safe and environment friendly have been increasingly talked
about in recent times. To have green chemical processes at commercial scale, the change should
be brought in through research and development. There are multiple technologies for conversion
of biomass to biofuels and biochemicals. Basically, the technologies can be divided into two
main categories, biochemical and thermochemical [21]. Processes that utilize micro-organisms
and enzymes are classified under biochemical processes; whereas, processes like combustion,
gasification, pyrolysis and hydrothermal technology that utilize high temperature come under
thermochemical processes. In the case of bioethanol production from lignocellulosic biomass, a
sequential combination of thermochemical (pretreatment) and biochemical (enzymatic hydrolysis
and fermentation) process is also employed [6]. This research work is mainly based on
hydrothermal technology (thermochemical process), but it also utilizes enzymatic hydrolysis
(biochemical process) in small extent. The details of these two processes are discussed further in
this chapter.
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1.2.1 Enzymatic Hydrolysis (Biochemical Process)
A class of enzymes called cellulases are used to breakdown cellulose to glucose which is
further fermented to ethanol. High cost of cellulases is a challenge in enzymatic hydrolysis of
lignocellulosic materials for bioethanol production. Cellulases are produced via fermentation
using mainly fungi and bacteria. Fungi is preferred over bacteria due to their permeation
capability and versatile substrate consumption. Enzymatic hydrolysis of lignocellulosic biomass
has some limitations which prevent the process to be economically feasible. To overcome these
limitations, various strategies are implemented including genetic engineering, enzyme recycling,
high solid loadings, pretreatment technologies, supplementation of cellulases with additives, and
application of nanomaterials for improving the thermal and pH stability of cellulases. Bioreactors
are used for efficient biomass hydrolysis to produce fermentable sugars. The key factors for
designing a bioreactor include efficient mixing, sufficient mass transfer, low shear stress, low
foaming problems, and low consumption of water and energy [22].
1.2.2 Hydrothermal Technology (Thermochemical Process)
Since most of the biomass from various sources have significant amount of moisture,
conversion processes like hydrothermal that do not require drying, or dewatering have an
advantage. For example, in case of micro-algae biorefineries, techno-economic and lifecycle
analysis suggest that dewatering stage is one of the most energy intensive process [23,24]. Other
thermochemical processes like pyrolysis, require dry biomass whereas thermal gasification
generally requires biomass with less than 10% moisture [25].
In the 1900s, organic solvent substitution was promoted as one of the methods to make
chemical processes environmentally friendly and reducing the amount of hazardous wastes [26].
When water is heated under sufficient pressure to maintain its liquid or supercritical state, it is
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called as sub or supercritical water. It is considered as one of the most promising mediums or
reactants for replacement of organic solvents. Hydrothermal (sub and supercritical water)
technology can be integrated in industrial processing for safer, more flexible, economical, green,
and sustainable engineering [27].
The properties of water at various temperature and pressure conditions are shown in
Table 1. The enhanced transportation and solubilization properties of sub and supercritical water
play an important role in the transformation of biomass to high energy density fuels and
functional materials [28]. Sub and supercritical water help in performing hydrolysis,
depolymerization, dehydration, and decarboxylation reactions. The proton-catalyzed mechanism,
direct nucleophilic attack mechanism, hydroxide ion catalyzed mechanism, and the radical
mechanism play important roles in the conversion of biomass in hydrothermal medium [29,30].
Water above its boiling temperature (100 °C) and below its critical temperature (374 °C)
under adequate pressure that is more than the vapor pressure at that point is called subcritical
water. Subcritical water has a wide range of applications like extraction, liquefaction,
carbonization, gasification, coolant in nuclear power plants, aqua-thermolysis, waste oxidation,
inorganic synthesis, and mineralization. Some of these technologies have already matured and
are on the cusp of commercialization [27]. Water heated above 374 °C and pressurized beyond
22.1 MPa possesses unique physical and chemical properties and is known as supercritical water.
At supercritical conditions, water behaves like a nonpolar solvent and thus solvates organic
molecules. Supercritical water has some of the desired properties of its liquid phase as well as
the gaseous phase. The properties of water above critical point enhance reaction kinetics along
with the rise in diffusivity and free radical reactions. However, these changes in the property of
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water above critical point move the reaction toward gas formation rather than solid or liquid
products.

Table 1. Properties of water at various conditions [31,32]
Normal

Subcritical

Supercritical

water

water

water

Temperature (°C)

25

250

350

400

400

Pressure (MPa)

0.1

5

25

25

50

Density, ρ (g/cm3)

1

0.8

0.6

0.17

0.58

Dielectric constant, ε (F/m)

78.5

27.1

14.07

5.9

10.5

Ionic product, pKw

14

11.2

12

19.4

11.9

Heat capacity, Cp (KJ/Kg/K)

4.22

4.86

10.1

13

6.8

Dynamic viscosity, η (mPa s)

0.89

0.11

0.064

0.03

0.07

Hydrothermal treatment of biomass can also be broadly classified into three different
processes; liquefaction, catalytic gasification, and high-temperature gasification based on the
final product and reaction condition. Reaction temperature in the range of 200-370 °C is used
when biomass is to be liquified into bio-oil/bio-crude. Whereas temperature in the range of 374–
550 °C is used for hydrothermal gasification in the presence of catalyst to enhance reaction
efficiency, reaction rates, and selectivity. At relatively higher temperature (550–700 °C),
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gasification can be done without use of a catalyst or by using activated carbon or alkali catalyst
to inhibit tar formation [33–35]. Other than these three major processes, subcritical water in the
range of 150-300 °C can be also effectively used for pretreatment, hydrolysis, and extraction of
components from biomass feedstocks by controlling the reaction time. Most of the research work
in this dissertation was done using these conditions.
1.3 Research Intent
In this research, biomass from various sources like agricultural waste (lignocellulose),
food waste (spent yeast), and dedicated cultivation (micro-algae) was utilized. The objective of
this research was to develop and design biomass conversion or solubilization processes that
result in minimal waste, high energy efficiency, low toxicity, cost-effectiveness, and minimal
impact over life cycle. Biorefineries are being developed globally, however, developing an
economically viable process is still a challenge. An integrated biorefinery concept is a novel and
economical process intensification methodology which maximizes utilization of biomass
components by producing multiple products from various streams generated while processing the
feedstock. This research focuses on the application of subcritical hydrothermal processes for
producing biofuel precursors and biochemicals from biomass via an integrated approach. The
summary of this research work is shown in Fig. 1.

10

Figure 1. The summary of this research work
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CHAPTER 2
DEVELOPMENT OF AN INTEGRATED BIOREFINERY PROCESS USING CORN
STOVER TO PRODUCE MULTIPLE BIOCHEMICALS
Note: The contents of this chapter were adapted from the research article published in the
journal ‘Fuel Processing Technology’.
A. Thakkar, K.M. Shell, M. Bertosin, D.D. Rodene, V. Amar, A. Bertucco, R.B. Gupta, R. Shende,
S. Kumar, Production of levulinic acid and biocarbon electrode material from corn stover
through an integrated biorefinery process, Fuel Process. Technol. (2020) 106644.
To overcome the inefficient biomass conversion, waste generation, and lack of coproduction in biorefineries, an integrated process was proposed for the conversion of corn stover
into levulinic acid, fermentable sugars, and biocarbon electrode material. Corn stover was
pretreated through hydrothermal process using 0.45 wt.% K2CO3 which removed 76 wt.% lignin
and 85 wt.% xylan while preserving 83 wt.% glucan. This was followed by acid hydrolysis to
produce levulinic acid at varying H2SO4 concentrations and reaction time in a batch reactor at
190 ℃. At a reaction time of 5 min in 2 wt.% H2SO4, 35.8 wt.% and 30 wt.% glucan in raw and
pretreated corn stover was converted to levulinic acid, respectively. The residue from acid
hydrolysis was converted into biocarbon for supercapacitor electrodes via a two-step thermal
activation process which showed a specific capacitance of 120 F g-1. The details related to the
biocarbon electrode production other than the properties of final product were excluded from this
chapter since this part of the research was done by a collaborator. A biochemical (enzymatic)
conversion pathway to produce fermentable sugars from pretreated corn stover which is an
alternative to the thermochemical (acid hydrolysis) pathway to produce levulinic acid was also
experimented. The enzymatic glucan digestibility of raw and pretreated corn stover was found to
be 19% and 93%, respectively. The proposed integrated biorefinery concept provides multiple
value-added products for a greater financial and environmental sustainability.
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2.1 Introduction
Despite the growing interest in bioeconomy and renewables, the biorefinery industry has
struggled to achieve economic competitiveness. Some of the major bottlenecks biorefineries
encounter are inefficient biomass conversion processes, waste generation, and lack of processes
for co-production of value-added compounds [36,37]. To overcome these challenges, advanced
approaches include integration of biofuel production with other products, which use biomass or
process residues to make different co-products like biofuel, bio-chemicals, fertilizer, heat,
energy, etc. [38].
Corn stover is recognized as an important agricultural waste with many potential
applications in growing bioeconomy [39]. It is estimated that more than 100 million dry tons per
annum of corn stover is produced in the USA alone [40]. The chemical composition of various
lignocellulosic biomass differs considerably and is influenced by genetic and environmental
factors [41]. Lignocellulosic biomass like corn stover is composed of cellulose, hemicellulose,
and lignin [42,43].
National Renewable Energy Laboratory (Denver, USA) reported levulinic acid as one of
the top value-added chemicals produced from biomass. Levulinic acid is a member of the
gamma-keto acid group which can be produced through acid-catalyzed dehydration and
hydrolysis of hexose sugars [44–46]. The most widely used method for levulinic acid production
is acid catalyzed single step reaction without removing hemicellulose and lignin from the
lignocellulosic biomass [47–50]. Due to formation of byproduct formic acid, the theoretical yield
of levulinic acid from hexose is only 64.5 wt.%. Practically, the yield is even lower due
undesired side reactions [51]. The acidic conditions also hydrolyze and hydrate pentoses in
hemicellulose to furfural, which at harsher condition, undergo further degradation [52]. One of
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the major drawbacks of the lignocellulosic biomass to levulinic acid conversion process is
unavoidable formation of solid byproduct [53,54], which is formed due to the decomposition of
lignin, cellulose, and hemicellulose during acid catalyzed reactions to form intermediate that repolymerize to insoluble material termed humins [44].
The loss of hemicellulose and lignin to the degraded products can be reduced by carrying
out the conversion into two separate steps, where the first step removes components other than
cellulose from the biomass. These recovered hemicellulose and lignin derived components can
be used to produce furfural [52], carbon microspheres [42], levulinic acid [55], and other
biobased materials using suitable reaction conditions [46]. The most common first step
pretreatment process for the production of levulinic acid from biomass uses acidic conditions
which sufficiently removes hemicellulose but not lignin [52,56–58]. Disposal issues and higher
costs associated with the use of acids and alkalis for pretreatment also bring in additional
economic and environmental challenges [59–62].
The first step using moderate alkaline hydrothermal condition has potential to pretreat
biomass efficiently and economically. Hydrothermal reactions use water as reaction media which
is environmentally benign and inexpensive. If not regulated, the pH of the hydrolysate produced
during hydrothermal pretreatment decreases due to formation of organic acids. The use of
potassium carbonate (K2CO3) to regulate pH of the reaction media is advantageous compared to
pretreatment using acidic catalyst as there is no cost associated with acid recovery and handling
[42]. The pH range of 4–7 and a flow through reactor setup (described in section 2.2.1),
minimizes the formation of degradation products that can catalyze hydrolysis of the cellulosic
material during pretreatment [63–69]. The reactive and soluble lignin fractions need to be rapidly
removed from the system before they recondense and become part of biomass solid [70,71].
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Liquid hydrolysate generated from the pretreatment of lignocellulosic biomass using K2CO3 in a
flow through reactor, contains 25–45% of the initial biomass carbon, mostly in the form of
sugars from hemicelluloses, degradation products such as furfural, lignin derived phenolic
compounds, and carboxylic acids [42].
In addition, literature suggests biomass is an excellent precursor material for energy
storage devices, such as supercapacitors. In supercapacitors, the energy storage mechanism is
created from an applied voltage, whereby ions are stored electrostatically on the surface and
within the pores of the material [72]. Currently, carbons from petroleum coking processes are
utilized in the commercial production of supercapacitors, generating a need for more sustainable
approaches for supercapacitor fabrication [73]. Biomass is an excellent alternative electrode
material due to its renewability, abundance, and the potential for high surface areas post
activation. Corn derived biocarbons for energy storage applications has been previously reported
with capacitances reaching higher than 300 F g-1, with chemical or catalytic activation techniques
[74–78]. However, the use of solid waste streams from the production of biofuel precursors in
energy storage devices is a novel idea within the field of biomass derived energy storage devices.
The biochemical (enzymatic) conversion pathway to produce fermentable sugars from
pretreated corn stover is an alternative to the thermochemical pathway to produce levulinic acid.
The fermentation of these sugars to ethanol is one of the most promising technologies for large
scale bioethanol production. The efficiency of the enzymatic hydrolysis process is based on the
effectiveness of the pretreatment step. Hydrothermal alkaline pretreatment removes lignin and
hemicelluloses from the biomass which changes its surface area, crystallinity, pore size
distribution, and degree of polymerization. These changes help in improving accessibility of βglycosidic linkages to cellulase enzymes. Nevertheless, selecting an appropriate pretreatment
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process is critical because it is one of the most expensive steps in conversion of lignocellulosic
biomass to bioethanol and may account for up to 40% of the processing cost [42].
In this work, the hydrothermal pretreatment (i.e., the first step) of corn stover was
conducted in a flow through reactor using K2CO3 solution followed by batch acid hydrolysis
(i.e., the second step) of pretreated biomass to produce levulinic acid using sulfuric acid (H2SO4).
The solid residue produced during the acid hydrolysis (i.e., the second step) was used as a
starting material for the synthesis of electrode material for energy storage applications such as
batteries and supercapacitors. As an alternative to acid hydrolysis, enzymatic hydrolysis of
pretreated corn stover was also experimented to evaluate the parameters for designing a pilot
facility to process one ton of corn stover per day.
2.2 Material and Methods
Potassium carbonate (K2CO3), sulfuric acid (H2SO4), hydrochloric acid (HCl), ethanol
(C2H5OH), and analytical grade standards were purchased from Fisher Scientific. Cellulase
enzyme blend ‘Cellic CTec2’ was purchased from Sigma-Aldrich. De-ionized water was used
for all the experiments unless otherwise specified.
2.2.1 Hydrothermal Pretreatment of Biomass
The experimental setup and protocol for hydrothermal pretreatment were similar to the
one used by Kumar et al. [42]. The reactor system consists of high-pressure pump, electrical
tubular furnace, tubular reactor, heat exchanger, and backpressure regulator. The reactor was a
9/16’’ (14.28 mm) ID and 65 ml volume high-pressure stainless-steel tube. Temperature of the
reaction zone was measured using a 1/16’’ (1.58 mm) thermocouple placed inside the biomass
bed from the inlet. Real time temperature indicated by the thermocouple was recorded at an
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interval of 5 min during the pretreatment. Reactor pressure was maintained using a backpressure
regulator and a pressure gauge.
The 10% and 90% cumulative particle passing sieve sizes for the milled corn stover
provided by the Idaho National Laboratory were 0.23 and 2.68 mm, respectively. The reactor
was placed inside the preheated furnace after packing with 11 g of corn stover. A stainless-steel
frit of 2 mm pore size was placed at the reactor outlet to restrict the biomass in the reactor. The
experiment was divided into three phases of 20 min each based on the temperature, heating (25–
190 ℃), reaction (190 ℃), and cooling (190–50 ℃). 0.45 wt.% K2CO3 solution was pumped
into the reactor using the high-pressure pump. The flow rate of 2.5 ml/min was maintained
during heating and reaction phase and 9.9 ml/min during cooling phase. Constant reaction
pressure of 3.44+/-0.15 MPa, which is higher than the vapor pressure of water in the temperature
range of study was maintained throughout to keep the water in the K2CO3 solution in liquid
phase. Liquid hydrolysate was continuously collected at the outlet of the reactor for all three
phases, pH was measured. Utilization of liquid hydrolysate generated during hydrothermal
pretreatment of corn stover to produce value-added products from solubilized lignin and
hemicellulose is being studied currently and is beyond the scope of this manuscript. The gaseous
products which were appreciably low in the temperature range of study were vented without
analysis. Total organic carbon (TOC) content in hydrolysate was analyzed using Shimadzu
TOC/TN analyzer. Raw and pretreated corn stover were analyzed for biochemical and elemental
composition. Biochemical composition analysis was based on the NREL/TP-510-42618 standard
procedure [79]. High pressure liquid chromatography (HPLC) with Bio-Rad Aminex HPX-87P
column was employed for determination of sugars. Elemental composition (Carbon, Hydrogen,
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Nitrogen, and Sulfur) was analyzed using Flash 2000 Elemental Analyzer by Thermo Scientific
using a 2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene standard for calibration.
2.2.2 Acid Hydrolysis of Biomass for Levulinic Acid Production
The experimental setup for acid (H2SO4) hydrolysis of biomass consisted of a tubular
reactor and sand-bath heater. The 54.2 ml stainless-steel tubular reactor was sealed with 1/16’’
(1.58 mm) thermocouple on one end and a cap on the other. Real time temperature indicated by
the thermocouple was recorded continuously during the reaction. In a typical reaction, the reactor
was placed in the preheated sand-bath at 200 ℃. The reactor took 15 min to reach desired
reaction temperature of 190 ℃. The reaction was carried out for varied reaction time at 190 ℃
and then quenched to 30 ℃ instantaneously using a cold-water bath. The volume of the water or
acid solution used for all the reactions was 47.6 ml, chosen such that upon heating to the desired
temperature, the autogenous pressure buildup maintains the water in liquid phase. The biomass
loaded in the reactor was 0.95 g, which was 2 wt.% of the reaction medium. After the reaction,
liquid hydrolysate and solid residue were separated by centrifuging the reaction mixture at 8000
rpm. TOC content in hydrolysate was analyzed using Shimadzu TOC/TN analyzer. HPLC with
Bio-Rad Aminex HPX-87H column was used for quantification of organic compounds lactic
acid, formic acid, acetic acid, levulinic acid, hydroxymethylfurfural (HMF), and furfural in
liquid hydrolysate. The percentage contribution of carbon by these organic compounds towards
the dissolved TOC was calculated based on the concentration of these compounds and their
carbon content. At select reaction condition, the solid residue generated was quantified as
percentage of biomass loaded and analyzed for elemental composition as mentioned in section
2.2.1. Both raw and pretreated corn stover were hydrolyzed using 0, 1, 2, and 4 wt.% H2SO4 and
reaction time of 5 min to find the optimum H2SO4 concentration to produce levulinic acid. Using
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optimum H2SO4 concentration, reaction time of 15, 45, 105, and 165 min were experimented to
study its effect on the product profile. The levulinic acid yield for all the experiments was
calculated using equation 1.

Yield (%) =

Levulinic acid conc. (mg/ml) × Vol. of hydrolysate (ml) × 100
Biomass loaded (mg) × Glucan conc. in biomass (%)

(1)

2.2.3 Enzymatic Hydrolysis of Biomass and Pilot Facility Design
Enzymatic hydrolysis of the raw and pretreated corn stover was carried out in 500 ml
flasks sealed with rubber stoppers. Other than the scale (300 ml reaction mixture), biomass
loading (3 wt.%), and enzyme loading (40 mg protein per g of glucan), all other hydrolysis
conditions like temperature (50 ℃), 1 M sodium citrate buffer pH (5-5.5), and concentration of
anti-microbial agent (5.0% sodium azide) were selected as per the NREL LAP ‘Enzymatic
saccharification of lignocellulosic biomass’ [80]. Cellulase enzyme blend ‘Cellic CTec2’ used in
this study had enzyme concentration of 376.3 mg/ml. Flasks were placed in an incubator shaker
to maintain constant temperature of 50 ℃ at 150 rpm. Liquid hydrolysate was separated from the
unhydrolyzed solids (UHS) after 72 h of hydrolysis and placed in boiling water for 10 min to
stop the reaction. High pressure liquid chromatography (HPLC) with Bio-Rad Aminex HPX-87P
column was employed for determination of released sugars in the liquid hydrolysate. The
enzymatic digestibility was calculated as the ratio of glucan equivalent of glucose + cellobiose in
the liquid hydrolysate to the initial glucan loading. Glucan equivalent of glucose and cellobiose
was calculated as 0.9 × solubilized glucose amount + 0.95 × solubilized cellobiose amount. The
UHS was washed with DI water and dried overnight at 105 ℃ to calculate the yield. Utilization
of UHS generated during enzymatic hydrolysis of pretreated corn stover to produce value-added
products is being studied currently and is beyond the scope of this article. The results generated
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from the pretreatment and enzymatic hydrolysis experiments were used for designing a pilot
facility to process one ton of corn stover per day. Process flow diagram (PFD) with material
balance and process & instrumentation diagram (P&ID) were developed for hydrothermal
pretreatment and enzymatic hydrolysis. This design was a part of an integrated biorefinery being
developed in collaborations with other universities and research labs.
2.3 Results and Discussion
Fig. 2 depicts the proposed conversion scheme for corn stover to levulinic acid and
biocarbon electrode material with detailed process insets. All experiments were performed in
duplicate and the reported results are averages of two values. The deviation associated with all
the results was less than 5% except for the capacitance values which deviated up to 12%.

Figure 2. Proposed conversion scheme for corn stover to levulinic acid and biocarbon electrode
material with detailed process insets
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2.3.1 Analysis of Products from Hydrothermal Pretreatment of Biomass
The biochemical composition analysis of the raw and pretreated corn stover in wt.% is
shown in Table 2. 90% of hemicellulose in raw corn stover was made up of xylan. Hydrothermal
pretreatment removed 76% of lignin and 85% of xylan from raw corn stover while retaining 83%
of glucan. The concentrations of galactan and mannan, if present in the biomass, were less than
the detection limit of Refractive Index (RI) detector in HPLC. The concentration of arabinan was
found to be 2.5% and 0.3% in raw and pretreated corn stover, respectively. The loss of biomass
due to solubilization was 62.4%. Due to biomass loss, the ash content in the pretreated biomass
rose to 9.4%. The pH of the liquid hydrolysate generated after pretreatment were 6.3, 4.2, and
9.5 for the heating (25–190 ℃), reaction (190 ℃), and cooling (190–50 ℃) phases, respectively.
For the hydrolysate, using 0.45 wt.% K2CO3 helped in maintaining a pH above 4 over all three
phases and thus reducing the loss of glucan to as low as 17% during the pretreatment process.

Table 2. Biochemical composition analysis of raw and pretreated corn stover
Biomass

Ash

Lignin

Glucan

Xylan

Arabinan

Others

(%)

(%)

(%)

(%)

(%)

(%)

Raw corn stover

6.5

27.0

28.2

21.6

2.5

14.2

Pretreated corn stover

9.4

18.0

62.0

8.7

0.3

1.6
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2.3.2 Analysis of Products from Acid Hydrolysis of Biomass
The effect of H2SO4 concentration on levulinic acid yield was investigated, where the
reaction time of 5 min was used for all the experiments. The optimum H2SO4 concentration for
maximizing levulinic acid yield was found to be 2 wt.%, for both raw and pretreated corn stover.
As shown in Fig. 3, with an increase in H2SO4 concentration from 0 wt.% to 2 wt.%, the yield of
levulinic acid increased from less than 0.2% to 35.8% and 30% for the raw and pretreated corn
stover, respectively. At 4 wt.% H2SO4, the yield of levulinic acid for the raw and pretreated corn
stover dropped to 19.7% and 21.5%, respectively, from the maximum obtained at 2 wt.% H2SO4.
The drop in levulinic acid yield at 4 wt.% H2SO4 could be due to higher degradation of cellulose,
glucose, and HMF to form solid residue according to the simplified decomposition of
lignocellulosic biomass shown in Fig. 2 [44]. The levulinic acid yield of 35.8% for raw corn
stover and 30% for pretreated corn stover obtained using 2 wt.% H2SO4 is equivalent to 48
mol.% and 42 mol.%, respectively, based on moles of levulinic acid produced per mole of
anhydrohexose in biomass feed. The levulinic acid yields obtained in this research using a short
reaction time of 5 min and low acid concentration of 2 wt.% H2SO4 were comparable to yields
obtained from similar biomass and experimental conditions. Zheng et. al. investigated single
stage production of levulinic acid from cornstalk in a batch reactor and observed a maximum
levulinic acid yield of 48.89 mol.% at temperature 180°C, reaction time 40 min and 0.5 mol/L
FeCl3 as catalyst [81]. Girisuta et. al. carried out single stage acid catalysed hydrolysis of the
water hyacinth to produce levulinic acid yield of 53 mol.% with 1 wt.% biomass loading, 9.5
wt.% H2SO4, reaction temperature of 175°C and reaction time of 30 min [82]. Levulinic acid
yields in the range of 45.6 to 68.8 mol.% from various lignocellulosic biomass using H2SO4
concentration from 3.5 to 10 wt.% have been reported [44]. On the contrary to levulinic acid
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yield, as shown in Fig. 3, solid residue production went down from 57% and 72.6% at 0 wt.%
H2SO4 to minimum of 41.8% and 39.9% at 2 wt.% H2SO4 and rose again to maximum of 79%
and 78.1% at 4 wt.% H2SO4 for raw and pretreated corn stover, respectively. These trends
indicated that at lower H2SO4 concentration, there is incomplete hydrolysis of biomass, while at
concentrations above the optimum, side reactions occur, resulting in higher solid residue. For
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PCS-LA Yield
RCS-Solid Residue
PCS-Solid Residue
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Levulinic Acid Yield / %

both biomasses, levulinic acid yield was maximum when solid residue formation was minimum.

0
0

1

2

4

H2SO4 / wt. %
Figure 3. Levulinic acid yield (bar chart) and solid residue produced (line plot) using 0, 1, 2, and
4 wt.% H2SO4 and 5 min reaction time at 190 ℃ (RCS: Raw corn stover, PCS: Pretreated corn
stover, and LA: Levulinic acid)

Fig. 4 shows the percentage of total dissolved organic carbon contributed by various
organic compounds in hydrolysate produced through acid hydrolysis of raw and pretreated corn
stover at reaction times varied from 5 min to 165 min, using optimum 2 wt.% H2SO4 at 190 ℃.
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For a reaction time of 5 min, sources of 45% and 47% of organic carbon in the hydrolysate
produced from raw and pretreated corn stover, respectively, were determined. The carbon in
HMF contributed less than 1% of total organic carbon solubilized in hydrolysate at all conditions
in both biomasses, indicating near complete rehydration of HMF to form levulinic acid and
formic acid. Percentage of organic carbon contributed by levulinic acid was relatively higher in
case of pretreated corn stover compared to raw corn stover, the highest contribution observed
was 43% for reaction time of 105 min. Also, percentage of organic carbon contributed by lactic
acid, acetic acid and furfural was significantly low in case of pretreated corn stover compared to
raw corn stover. This was because the pretreated corn stover had only 9% hemicellulose
compared to 24.1% in raw corn stover.
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Figure 4. Source of organic carbon solubilized in hydrolysate produced through acid hydrolysis
of raw [A] and pretreated [B] corn stover using 2 wt.% H2SO4 at 190 ℃
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As shown in Fig. 2, hexose sugars in hemicellulose are converted to levulinic acid or
other organic acids, while pentose sugars are converted to furfural. Furfural at harsh conditions
polymerize with saccharides to form humins [52]. Thus, with increasing reaction time, the
percentage of organic carbon contributed by levulinic acid increased for both biomasses. Shorter
reaction time prevented transformation of furfurals without compromising on the levulinic acid
yield. According to the stoichiometry, one hexose molecule forms one molecule of levulinic acid
and formic acid each. Therefore, the contribution of carbon from levulinic acid and formic acid
should be in a ratio of 5:1. However, at severe conditions formic acid degrades into carbon
dioxide [83] and thus the contribution of formic acid towards total dissolved organic carbon
decreased with an increase in reaction time in comparison to levulinic acid as seen in Fig. 4.
Fig. 5 shows levulinic acid yield based on glucan content in raw and pretreated corn
stover through acid hydrolysis using 2 wt.% H2SO4. The reaction time had negligible impact on
the levulinic acid yield for both raw and pretreated corn stover. Levulinic acid yield from raw
corn stover was more than that in pretreated corn stover at all reaction times experimented. The
reduced glucan to levulinic acid conversion in pretreated corn stover could be due to higher ash
and lower hemicellulose concentration in it. The hydrogen ion concentration or reaction mixture
acidity required for hydrolysis is a function of H2SO4 concentration and neutralizing power of
ash [84]. Acetic acid is generated from the splitting of acetyl groups of hemicelluloses at
elevated temperature. Thus, acetic acid formation in pretreated corn stover was less due to lower
concentration of hemicellulose in it compared to raw corn stover. If acetic acid is allowed to
react further, it undergoes autoionization and forms more hydronium ions which in turn act as
catalyst and promotes the degradation of solubilized sugars [85,86].
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Figure 5. Concentrations of organic compounds analyzed (bar chart) and levulinic acid yield
(line plot) in hydrolysate produced through acid hydrolysis of raw [A] and pretreated [B] corn
stover using 2 wt.% H2SO4 at 190 ℃

Kumar et al. [42] found that pretreating the biomass with K2CO3 at various
concentrations, improved the accessibility of cellulose leading to better enzymatic digestion. The
improved cellulose accessibility by removal of lignin and hemicellulose was not found to be
beneficial in improving the levulinic acid yield or decreasing the optimum H2SO4 concentration.
Some of the reports suggested that a possible way to improve levulinic acid yield is by
improving cellulose accessibility through pre-treatment processes [44]. In this research work,
improved cellulose accessibility was found to have a slight negative impact on levulinic acid
yield. This is because, other parameters like biomass particle size, biomass composition, and
processing conditions (reactor design and heating rate) could also influence the levulinic acid
yield. The pretreatment by removal of lignin and hemicellulose increased the proportion of
cellulose in biomass from 28.2% to 62.0%. Increased cellulose content in biomass can be
advantageous in making the overall process more economical by allowing higher cellulose
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loading. The acid hydrolysis process also forms various acid soluble lignin derived components
[44]. The contribution of levulinic acid carbon to the total dissolved organic carbon was higher in
pretreated corn stover compared to raw corn stover indicating that removal of lignin and
hemicellulose can also help in reducing the complexity of the dissolved products. Also,
compared to raw corn stover, higher cellulose content in pretreated corn stover led to an increase
in the concentration of levulinic acid by 1.9 folds using 2% H2SO4 and reaction time of 5 min.
Higher concentration of levulinic acid is beneficial in lowering downstream processing costs and
thus direct acid hydrolysis of raw biomass should be avoided [87].

Table 3. Elemental composition analysis of raw corn stover, pretreated corn stover, and solid
residue produced through acid hydrolysis using 2 wt.% H2SO4 and 5 min reaction time
Biomass

Nitrogen

Carbon

Hydrogen

(%)

(%)

(%)

Raw corn stover

0.5

44.0

5.5

Solid residue from raw corn stover

0.4

42.9

3.9

Pretreated corn stover

0.2

39.5

5.1

Solid residue from pretreated corn stover

0.3

33.0

3.9

A reaction time of 5 min is plausible to be advantageous during process scale-up, as
lower reaction times impacts equipment size and energy input. In the case where furfural is an
additional compound of interest, lower reaction times can be used to prevent its polymerization
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into humins. The solid residue produced using 2 wt.% H2SO4 and 5 min reaction time, raw corn
stover, and pretreated corn stover were analyzed for elemental composition as shown in Table 3.
No sulfur was detected in any of the samples analyzed. The solid residue produced from
pretreated corn stover using 2 wt.% H2SO4 and 5 min reaction time was further used to
synthesize biocarbon electrode material.
2.3.3 Analysis of Products from Enzymatic Hydrolysis of Biomass and Pilot Facility Design
The optimum pretreatment conditions vary with the type of lignocellulosic biomass.
Many factors like genetics, cultivation techniques, environmental conditions etc. affect the
structure and composition of biomass. Enzymatic hydrolysis followed by glucan digestibility
calculations can be used to determine the effectiveness of these pretreatment conditions. The
glucan digestibility of raw and pretreated corn stover was found to be 19% and 93%,
respectively. About 37.1% of pretreated corn stover was unhydrolyzed. This lignin rich UHS
shown in Fig. 6 was utilized by the collaborator for further experimentation.

Figure 6. UHS generated through enzymatic hydrolysis of pretreated corn stover
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Fig. 7 shows a pathway that can be an alternative to the pathway shown in Fig. 2. The
pilot facility design for processing one ton of corn stover per day was based on this pathway.
P&ID for hydrothermal pretreatment and enzymatic hydrolysis of corn stover shown in Fig. 8
was generated in Microsoft Visio. These diagrams (PFD and P&ID) were merged with the
diagrams generated by the collaborators working on the development of downstream processes.
The collaborative project that this chapter is part of is titled, ‘Pilot-Scale Biochemical and
Hydrothermal Integrated Biorefinery (IBR) for Cost-Effective Production of Fuels and ValueAdded Products’. The main project goal was to demonstrate cost effective production of valueadded products like biocarbon, carbon nanofibers, polylactic acid, and phenols from the waste
streams originated from biochemical and/or hydrothermal processing of a blend of corn stover
and yard waste at pilot scale with simultaneous production of alcohols and diesel.

Figure 7. PFD with mass balance for hydrothermal pretreatment and enzymatic hydrolysis of
corn stover
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Figure 8. P&ID for hydrothermal pretreatment and enzymatic hydrolysis of corn stover

2.4 Conclusions
Overall, an integrated biorefinery process was successfully demonstrated, whereby raw
corn stover was fractionated using 0.45 wt.% K2CO3 at 190 °C, extracting 76% of lignin and
85% of xylan while preserving 83% of glucan. During acid hydrolysis, 2 wt.% H2SO4 produced
the highest levulinic acid yields while all other H2SO4 concentrations resulted in higher solid
residue yields. A low-cost, sustainable two-step facile thermal annealing and activation process
produced biocarbon with a specific capacitance of 120 F g-1, SBET of 466 m2 g−1, and pore
volume of 0.24 cm3 g−1 from acid hydrolysis solid residue. The pretreatment improved the
enzymatic digestibility of glucan in corn stover from 19% to 93%.
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CHAPTER 3
FLASH HYDROLYSIS OF YEAST (SACCHAROMYCES CEREVISIAE) FOR PROTEIN
RECOVERY
Note: The contents of this chapter were adapted from the research article published in the
journal of ‘Supercritical Fluids’. The nutrient recycle experiments were conducted by the
collaborators at the ‘University of Padova’.
A. Thakkar, E. Barbera, E. Sforza, A. Bertucco, R. Davis, S. Kumar, Flash hydrolysis of yeast
(Saccharomyces cerevisiae) for protein recovery, J. Supercrit. Fluids. 173 (2021) 105240.

Protein-rich spent yeast is a waste by-product of brewing and other fermentation industry.
A continuous-flow hydrothermal treatment called ‘flash hydrolysis’ was deployed for protein
recovery and yeast disposal. A feed slurry with 1-15 wt% yeast was hydrolyzed at temperatures
ranging between 160-280 °C for a very short residence time of 10±2 s. Using 10 wt% yeast at
240 °C, 66.5% carbon, 70.4% nitrogen and 61.0% overall yeast biomass was solubilized in liquid
hydrolysate. The liquid hydrolysate in which 63.1% of analyzed amino acids in yeast feed were
solubilized, was tested as nutrient for cultivation of E. coli in a continuous bioreactor. The
steady-state E. coli concentration was 1.18 g L-1 and 0.93 g L-1 using liquid hydrolysate and
commercial yeast extract, respectively. Finally, the kinetic parameters for yeast solubilization
(reaction order, activation energy and pre-exponential factor) were found to be 0.86, 21.3 kJ mol1

and 19.36 [L g-1]n-1 s-1, respectively.

3.1 Introduction
Beer is one of the most popular beverages in the world. In 2019, its global production
was 1.9 billion hL with annual market growth of about 1.4%. The brewing process produces
three main by-products, namely spent grain, spent yeast and residual hops. Spent yeast is the
second largest by-product of the brewing industry after spent grain and its yield is 1.7 to 2.3 g L-1
of beer produced [88]. During fermentation (brewing), yeast cells multiply many times
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depending on the process conditions to produce significantly greater amount of yeast. The
harvested yeast, also called spent yeast, is a tan colored, thick and viscous slurry with solid
concentration of 3-15 wt% [88,89]. Although, it has some low-value application as animal feed,
it is generally considered an organic waste. Its disposal is a concern as the techniques that are
generally used such as incineration and landfills, have environmental impacts [90].
The soluble contents of yeast biomass obtained by disrupting and removing the yeast cell
membrane is called yeast extract (YE) [91,92]. Only a fraction of the large quantities of spent
yeast produced during beer manufacturing is reused as inoculum and thus the rest can be a costeffective raw material for YE production [93,94]. The high protein content in yeast represents a
good source of essential amino acids, which should be part of the diet as neither humans nor
other mammals can synthesize them [95,96]. The amino acid composition of YE depends on the
cell wall disruption method and following processes [92,95,97–99]. Amino acids in yeast have
potential to serve as dietary supplement with health benefits. For example, the non-proteinogenic
amino acid γ-aminobutyric acid (GABA) in yeast stimulates immune cells and can prevent
diabetes [100]. Products like glutamic acid in the extract can be used as flavor enhancer [101] or
the extract can be heat-processed further to form typical YE flavors [102]. YE can be widely
used in the food industry, since the European Parliament regulation has classified it as a natural
flavor [103], and it has also been assigned a “generally recognized as safe” (GRAS) status
[98,104]. YEs are also added to the wort in the brewing industry as a nitrogen source to
compensate for inadequate nitrogen supply to the yeast starter culture [105–107]. The quality and
type of amino acids in YE play a role in development of flavor in the brew [108].
YE can be mainly produced using non-mechanical and mechanical processes. Various
non-mechanical disruption methods like autolysis, plasmolysis [109,110] in organic salt solution
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or non-polar organic solvent, acid or alkali catalyzed hydrolysis, or enzymatic hydrolysis
[104,111] are applied to produce YE. Methods other than enzymatic autolysis generate
wastewater with chemicals. Enzymatic autolysis is relatively environmental friendly but requires
long process time and it is cost intensive at larger scale [90]. Commercially, autolytic or
plasmolytic methods are primarily used [112] to achieve the highest possible extract yield [99].
Other than cell membrane lysis, another objective during autolysis can be the enzymatic
hydrolysis of proteins into amino acids or the splitting of RNA to form flavor-enhancing 5′nucleotides [91,112]. When thermally sensitive substances like enzymes or specific cell wall
components like β-glucan are to be extracted, mechanical disruption methods such as cell mills
are used [106,112,113].
Lamoolphak et al. [90] examined hydrothermal decomposition of baker’s yeast into
proteins and amino acids. For a batch reaction of 20 min in water at 250 °C, 78% of yeast was
solubilized and protein produced was found to be 0.16 mg/mg dry yeast. Also, the hydrolysis
products were tested as nutrient source for yeast cultivation and the growth rate was found to be
comparable with commercial YE at same concentration. In a study using hog hair, subcritical
water at 250 °C for 30 min was reported as a viable process for extraction of amino acids.
Longer reaction time resulted in decomposition of hydrolyzed amino acids to ammonia [114].
Also, during hydrothermal reaction of biomass with longer residence time, the hydrolyzed
carbohydrates and proteins react further to produce undesired compounds [115].
Hydrothermal treatment of yeast to produce proteins and amino acids can be developed
further using flash hydrolysis (FH). In this context, we report a novel approach for protein
extraction from yeast using a chemicals-free subcritical water based continuous-flow FH process.
FH, where wet biomass slurry is subjected to high temperature for a very short residence time (8-
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12 s) has been a proven technology for the fractionation of algae components like proteins and
lipids [115]. Spent yeast slurry produced during brewing can be economically fractionated
through a continuous FH process without any dilution or concentration. FH can not only be a
solution for disposal of spent yeast but also provide a revenue stream by recovering valuable
components. To the best of our knowledge, a scalable continuous-flow process characterized by
short residence time (10±2 s) used in this study, has not been reported so far.
This study aims at optimizing the temperature and feed concentration for recovery of
proteins from yeast through FH. To investigate the possible application of the YE obtained by
FH as a medium for bacterial cultivation, the liquid hydrolysate obtained under the optimal
experimental conditions was used as nutrient for E. coli cultivation, and the performances
compared with those of a commercial product. Finally, the kinetics of yeast solubilization
reaction were determined based on the experimental results.
3.2 Material and Methods
‘Red Star Active’ (Milwaukee, WI, USA) dry yeast was used as a model for brewer’s
spent yeast in FH experiments. The yeast was composed of lipids (6 wt%), carbohydrates (33
wt%) and proteins (50 wt%). Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were
purchased from Alfa Aesar (Ward Hill, MA, USA). Amino acid standard H, eluent chemicals for
Ion Chromatography (IC) and standard for elemental composition (2,5-Bis(5-tert-butylbenzoxazol-2-yl)thiophene) were purchased from Thermo Scientific (Waltham, MA, USA).
Organic carbon (1000 ppm) and nitrogen (100 ppm) standards were procured from Ricca
Chemical Company (Arlington, TX, USA). For E. coli growth experiments, the strain (ATCC
25922) was obtained from ATCC (Manassas, VA, USA), while commercial YE for media was
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procured from Sigma Aldrich (St. Louis, MO, USA). De-ionized water was used for all the
experiments unless otherwise specified.
3.2.1 Flash Hydrolysis
The schematic of the FH setup is shown in Fig. 9. The unit consists of pumping system,
tubing, reactor, induction heating and control system, quenching zone and back pressure
regulator (BPR). The induction heating and control system supplied by GH Induction
Atmospheres (Rochester, NY, USA) could provide up to 5 kW of power. A LEWA (Holliston,
MA, USA) EcoFlow diaphragm metering pump used in this study is capable of delivering
concentrated yeast slurry at appropriate flow rates to maintain desired residence time in the
reactor and generating appropriate pressures for subcritical water conditions. For ease of
construction, the reactor and tubing were made of the same high-pressure tube supplied by High
Pressure Equipment (Erie, Pennsylvania, USA). A tubular reactor with internal diameter of
0.31’’ (7.9 mm) was selected to meet the required residence time. The 16’’ (40.6 cm) long tube
which was wound by the induction heater coil was considered as the reaction zone. An Omega
(Norwalk, CT, USA) TJ36 thermocouple located at the end of the reaction zone was inserted
inside the tubular reactor through a junction to measure the reaction temperature. The design
pressure for the tubes and connectors was 137.9 MPa, which gave sufficient safety margin when
operating at pressure of 10.3±0.15 MPa. The quenching zone was designed to utilize chilled
water to lower the slurry temperature to below 100 °C, so the output hydrolysate would remain
in liquid phase at collection point. A dome loaded BPR was used in the FH setup, manufactured
specially for research by Equilibar (Fletcher, NC, USA).
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Figure 9. Schematic of the flash hydrolysis setup

Yeast slurry of 1, 5, 10, and 15 wt% was made using dry yeast and DI water. It was then
pumped at a flow rate of 95 mL min-1 to maintain the residence time of 10±2 s in the reactor. The
pressure of 10.3±0.3 MPa which was higher than the vapor pressure of water in the temperature
range of study was maintained using BPR and then the induction heater was switched on. The
desired temperature of 160, 200, 240 or 280 °C was maintained in the reactor using induction
heater power control system. The deviation in reaction temperature was <10 °C during all the
runs. After the system reached steady state in terms of flowrate, pressure and temperature, the
hydrolysate was collected at the outlet of the reactor. The hydrolysate was made up of liquid
fraction (liquid hydrolysate) and solid fraction (solid residue). At a given temperature and yeast
feed concentration, the system was operated for 10 min. The residence time of the reactor was
calculated using eq. 1, where V is the reactor volume (mL), F is the volumetric flow rate of
pumps (mL min-1), ρpump is the density of water at pump conditions (g mL-1), and ρP,T is the
density of water at reactor conditions (i.e., pressure and temperature).
𝑡=

𝑉
𝜌𝑝𝑢𝑚𝑝

𝐹(

𝜌𝑃,𝑇

)

(1)
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The solubilization of components (carbon, nitrogen and amino acids) in liquid hydrolysate was
calculated using eq. 2 and solid residue was calculated using eq. 3.
𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =

𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (%) =

𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒 (𝑔/𝑙)
𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛 𝑓𝑒𝑒𝑑 (𝑔/𝑙)

𝑆𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒 (𝑔/𝑙)
𝑆𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑒𝑒𝑑 (𝑔/𝑙)

× 100

× 100

(2)

(3)

All FH experiments were performed in duplicate and the reported results are the average of two
values.
3.2.2 Analyses of Flash Hydrolysis Products
After each experiment, a mixture of liquid and solid products was recovered and
separated by vacuum filtration using mixed cellulose esters (MCE) membrane disc filters (0.22
μm). The solid fraction was washed using DI water and dried at 105 °C to determine percentage
of yeast solubilized. The liquid hydrolysate was analyzed for total organic carbon (TOC) and
total nitrogen (TN) composition using Shimadzu TOC/TN analyzer (Suzhou, China). The
gaseous products, which were appreciably low in the temperature range of study, were vented
without analysis. At select reaction conditions, solid residue composition was further analyzed
using Flash 2000 Elemental Analyzer (EA) by Thermo Scientific (Bremen, Germany) and Cary
630 Fourier Transform Infrared Spectroscopy (FTIR) (Santa Clara, CA, USA). At these select
reaction conditions, liquid fraction was also further analyzed for amino acid composition using
IC (Dionex ICS-5000 AAA-DirectTM equipped with an AminoPac PA10 column and column
guard) supplied by Thermo Scientific (Waltham, MA, USA). A calibration curve was generated
using an external amino acid standard for quantification. Free amino acids in the liquid
hydrolysate were analyzed by directly running the samples through IC, whereas the peptides in
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the liquid hydrolysate were acid hydrolyzed to free amino acids before IC analysis. The amino
acid composition of yeast was also analyzed by acid hydrolyzing the biomass to free amino acids
and then running the samples through IC. The acid hydrolysis of liquid hydrolysate and yeast
was done using 6N HCl at 110 °C for 18 h, followed by neutralization using 6N NaOH before IC
analysis. Other than histidine, all 16 amino acids in Amino Acid Standard H used for the IC
analysis, could be accurately quantified. Therefore, histidine was only qualitatively analyzed.
3.2.3 Nutrients Recycle for E. coli Cultivation
The liquid hydrolysate produced at select FH condition was freeze-dried for preservation.
This freeze-dried powder was called FH YE and was further tested as a nutrient (nitrogen) source
for E. coli growth. Continuous experiments were carried out in chemostat mode to assess the YE
exploitation at steady state. The strain was precultured overnight in standard lysogeny broth (LB)
medium, containing 10 g L-1 of peptone and 5 g L-1 of commercial YE and 5 g L-1 of NaCl.
Under sterile condition, about 5 mL of this culture was used as inoculum for cultivation tests.
Cultivation tests were carried out in continuous reactors, comparable to a perfectly mixed
continuous stirred-tank reactor (CSTR), with a working volume of 50 mL. The reactors were
composed of sterilized glass bottles, where mixing was provided by magnetic stirring, coupled
with filtered air bubbling, which also provided the required oxygen, at an average flow of 2 L h-1.
The temperature was maintained at 37 °C using a thermostatic bath. Fresh medium was
continuously provided by means of a Sci-Q 400 peristaltic pump supplied by Watson Marlow
(Falmouth, UK) at a constant volumetric flow rate of 28 mL h-1 from a sterilized, external, stirred
glass bottle. An overflow tube was placed on the opposite side of the fresh medium inlet,
ensuring the same outlet volumetric flow rate, thus keeping a constant culture volume. The
resulting residence time, calculated as the ratio between the reactor volume and the flowrate, was
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1.8 h. Optical density at 600 nm was measured every hour to observe the establishment of a
steady state. After the steady state was reached, it was maintained for about 4 h, and at least 5
samples were taken during this time, to measure the biomass concentration in terms of dry
weight (DW). DW was measured by filtering under vacuum 10 mL of previously harvested cells,
with a 0.22 µm filter. The filter was then dried for 2 h at 100 °C in a laboratory oven.
Four different culture media were tested 1) standard LB, used as a control, with
commercial YE; 2) LB with FH YE; 3) commercial YE only; and 4) FH YE only. The
formulations are reported in Table 4. The amount of FH YE supplied, with respect to the
commercial YE, was adjusted based on the nitrogen content (data certified by the manufacturer).
Student’s T test was performed in order to ascertain statistically significant differences among
the tested conditions in terms of average biomass concentration reached at steady state. The level
of statistical significance was taken at p < 0.05.

Table 4. Composition of media used in the E. coli cultivation tests

LB (control)
LB FH
Commercial YE
FH YE

Peptone
(g L-1)

Commercial YE
(g L-1)

FH YE
(g L-1)

NaCl
(g L-1)

10
10
---

5
-10
--

-8.2
-16.3

10
10
10
10
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3.2.4 Yeast Solubilization Kinetics
The experimental results obtained at different temperatures (160-280 °C) and yeast feed
concentrations (1-15 wt%) were used to retrieve the yeast solubilization kinetics in the FH
process. The overall solubilization reaction, lumping all the water-soluble products into one since
insoluble products were separated and gaseous products were vented, can be summarized as:
𝑋 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(4)

where X represents yeast. The rate of yeast solubilization (g L-1 s-1) can be expressed as:
𝑟𝑥 = −𝑘𝑐𝑥𝑛

(5)

where k is the kinetic constant ([L g-1]n-1 s-1), cx the yeast concentration (g L-1) and n is the order
of reaction. The kinetic constant can be expressed as a function of temperature, according to the
Arrhenius law (eq. 6).
𝐸

𝑘 = 𝐴 ∙ exp (− 𝑅𝑇𝑎 )

(6)

with A being the pre-exponential factor, Ea the activation energy (kJ mol-1), R the ideal gas
constant (8.314 J mol-1 K-1) and T the temperature in K. The reaction kinetic parameters (A, Ea,
and n) were regressed based on experimental data, considering the material balance of a PlugFlow reactor (PFR). According to the experimental set-up used, isothermal conditions and
steady-state assumption were considered. The material balance can be written as:
𝑑𝑐𝑥
𝑑𝑧

1

= 𝑣 𝑟𝑥 =

𝐸
𝐴∙exp (− 𝑎)𝑐𝑥𝑛
𝑅𝑇

𝑣

(7)

where z is the length co-ordinate of the reactor (cm), and v is the velocity inside the tube (cm s-1),
calculated as the ratio between the volumetric flow rate and the reactor cross-sectional area. The
material balance was solved from z = 0 (cx = cx,0) to z = L, using ode23 in MATLAB®. The
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fminsearch function was used to minimize the sum of squared errors (SSE, eq. 8) between
experimental and calculated values of the outlet biomass concentration, cx,L.
𝑆𝑆𝐸 = ∑(𝑐𝑥,𝐿,𝑐𝑎𝑙𝑐 − 𝑐𝑥,𝐿,𝑒𝑥𝑝 )2

(8)

3.3 Results and Discussion
3.3.1 Flash Hydrolysis
As reported in Fig. 10, the impact of yeast concentration in the feed on solubilization of
carbon and nitrogen was not substantial at all investigated temperatures. However, higher yeast
concentration in feed resulted in a lower yeast solubilization at 240 and 280 °C. This could be
due to differences in heat transfer (radial temperature gradient) within the slurry of different
yeast concentration. By increasing the reaction temperature from 160 to 240 °C, solubilization of
carbon and nitrogen steadily increased. The change in carbon and nitrogen solubilization with
increase in reaction temperature from 240 to 280 °C was not as substantial as the change with
increase in reaction temperature from 200 to 240 °C, suggesting the occurrence of saturation.
Whereas the overall biomass solubilization steadily increased with increase in temperature from
160 to 280 °C, as shown in Fig. 10C. Operation of the FH system at 15 wt% yeast feed was
challenging due to higher deviation in reaction temperature and frequent clogging of the BPR.
Therefore, for higher accuracy, FH products obtained at different temperatures (160-280 °C)
using 10 wt% yeast feed were further analyzed using IC, EA and FTIR. The overall biomass
solubilization using 10 wt% yeast feed at 240 and 280 °C and residence time of 10±2 s was
61.0% and 78.3%, respectively. This was comparable to the value of 78% solubilization in a
batch hydrothermal reaction carried out at 250 °C for a considerably higher reaction time of 20
min using the same yeast concentration, while it was significantly higher than the 32% obtained
through autolysis after 19 h as reported by Lamoolphak et al. [90]. Compared to a batch
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hydrothermal process, continuous-flow FH with a short residence time could possibly have lower
capital and operating cost due to smaller equipment size and lower energy requirement, in terms
of scale-up at industrial scale.
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Figure 10. [A] Solubilization of carbon, [B] solubilization of nitrogen and [C] solid residue after
FH of 1, 5, 10 and 15 wt% yeast feed at reaction temperature 160, 200, 240 and 280 °C

The nitrogen solubilization trend which is an indirect representation of protein
solubilization shown in Fig. 10B indicated that increasing temperature of FH beyond 240 °C did
not substantially improve nitrogen solubilization, which is also observed in amino acid profile of
the acid hydrolyzed liquid hydrolysate shown in Fig. 11. The total average deviation in amino
acid solubilization reported was less than 6% for duplicate experiments. Decrease in
solubilization of some amino acids like alanine, threonine, lysine, serine, aspartate and cystine at
280 °C indicate partial degradation. Except for cystine, solubilization of all other amino acids

43

analyzed increased with increase in temperature from 160 to 240 °C. Solubilization of cystine
was complete at 160 °C but it decreased with increase in temperature and reached the lowest
3.2% at 280 °C. Cystine could be completely solubilized at 160 °C as it accounted for only 0.5%
of total amino acids analyzed in yeast. Also, due to its low concentration, a small degradation
with rise in reaction temperature significantly affects its solubilization percentage compared to
other amino acids. The transformation of amino acids under hydrothermal condition occurs
through decarboxylation to produce carbonic acid and amines and deamination to produce
ammonia and organic acids. The ratio and extent of deamination to decarboxylation differs
depending on the type of amino acid and severity of experimental conditions. These undesired
reactions which cause amino acid degradation can be significantly reduced by using FH
compared to conventional batch hydrothermal reactions with longer residence time [115,116].
The IC analysis of liquid hydrolysate before acid hydrolysis showed presence of free amino acids
in very low concentrations (<5% solubilization), arginine being the only exception. The
solubilization of free arginine increased from 17.0% to 37.4% with increase in temperature from
160 to 280 °C. The total solubilization of all the amino acids analyzed in yeast at 160, 200, 240
and 280 °C was 21.4, 34.4, 63.1 and 60.3%, respectively.
Since the FTIR spectrum was similar for solid residues produced in duplicate
experiments, only one set of spectra is reported as an example. As reported in Fig. 12, the lipid
absorbance (C-H stretch) at wavelength 2920 and 2853 cm-1 intensifies with increase in
temperature. With rising reaction temperature, the biomass solubilization increases, and thus
biochemical components other than lipids are selectively solubilized, as observed by GarciaMoscoso et al. [115] in case of algae FH. Absorbance linked to amide I (C=O stretch) and amide
II (N-H and C-N vibrations) at 1637 cm-1 and 1526 cm-1 respectively, slightly rose with increase
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in reaction temperature from 160 to 240 °C. The absorbance was maximum at 280 °C which
suggests higher degree of protein-derived insoluble product formation at 280 °C. Under
hydrothermal conditions (>250 °C), Maillard reactions occur between carbonyl group of
carbohydrates and amine group of proteins or amino acids resulting in the formation of dark
brown high-molecular-weight material called melanoidins [117,118]. This nitrogenous material
with low solubility results in processing difficulties like fouling of process equipment, as
observed in FH at 240 and 280 °C using 15 wt% yeast feed. The absorbance due to β-glucans at
1031 cm-1 and 990 cm-1 was found to be similar in yeast and solid residue produced at reaction
temperatures other than 280 °C. The absorbances linked to glucans at 280 °C nearly disappeared,
indicating higher degree of carbohydrate hydrolysis at 280 °C.

Figure 11. Amino acid solubilization in liquid hydrolysate generated using 10 wt% yeast feed
and FH reaction temperature 160, 200, 240 and 280 °C, analyzed after acid hydrolysis (amino
acids split between three plots [A], [B] and [C])
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Figure 12. FTIR spectrum of solid residues produced using 10 wt% yeast feed and FH reaction
temperature 160, 200, 240 and 280 °C

In Table 5, it is shown that the nitrogen content in the solid residue produced at 160 °C
was higher compared to yeast, as only 23.7% nitrogen was solubilized when yeast solubilization
was 31.2%. The C/N ratio in solid residue increased from 5.8 to 6.8 at 240 °C due to selectively
higher solubilization of proteins in hydrolysate and accumulation of lipids and other non-protein
compounds in solid residue, which was also observed in the FTIR spectrum. Further increase in
temperature up to 280 °C, caused decrease in solid residue formation from 39.0% to 21.7%,
whereas the increase in nitrogen solubilization was only 5%. This suggests a possible formation
of insoluble proteinaceous/nitrogenous degraded material from solubilized protein and amino
acids at 280 °C which was also revealed by the decrease in solubilization of some amino acids in
the liquid hydrolysate and the increased absorbance due to amides in FTIR spectrum. The sharp
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increase in solid residue carbon content at 280 °C, suggests the occurrence of carbonization
reaction [90] and reduction in O/C ratio [68] due to higher reaction temperature.

Table 5. Elemental analysis of yeast and solid residues produced using 10 wt% yeast feed and
FH reaction temperature 160, 200, 240 and 280 °C
N (%)

C (%)

H (%)

C/N

Yeast

7.0±0.03

44.7±0.14

6.9±0.00 6.4

160 °C

8.4±0.02

48.8±0.24

7.4±0.14 5.8

200 °C

7.7±0.14

48.9±0.38

7.4±0.11 6.3

240 °C

7.5±0.03

50.8±0.07

7.5±0.03 6.8

280 °C

12.0±0.07

56.9±0.23

7.4±0.05 4.8

Overall, using 10 wt% yeast feed, FH at 280 °C helped lower solid residue formation but
had slight negative effect on overall protein solubilization. Hence, FH of yeast at 240 °C was
found to be the optimum temperature for protein solubilization, as it could also result in lower
operating costs compared to 280 °C.
3.3.2 Nutrients Recycle for E. coli Cultivation
The FH YE used in the E. coli growth experiments was obtained at 240 °C and 10 wt% yeast
feed. A comparison in terms of composition with the commercial product was made, revealing a
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difference in macronutrient content. In particular, the commercial YE contains 11 wt% of
nitrogen, as certified by the manufacturer for the specific lot used. The information about carbon
content was not available, but literature reports an average content of about 40 wt% [119]. The
composition of the FH YE showed a lower nitrogen content (6.7 wt%), but a slightly higher
carbon content (47 wt%). With the aim of assessing the possible exploitation of FH YE as
nitrogen source, the media were formulated normalizing the final nitrogen content, as reported in
Table 4, also to account for the main aim of recycling protein and nitrogen thanks to FH.
Continuous cultivation was chosen as culturing method, in order to allow cells to acclimate to the
new medium composition. Results of average biomass concentration at steady state are reported
in Fig. 13: remarkably, the biomass concentration obtained using the FH YE was significantly
higher than that produced with the LB (control). This suggests not only that the flash hydrolysate
can be used as alternative source of nitrogen, but it is also beneficial for growth, possibly due to
the higher carbon content provided. To ascertain this hypothesis, a second set of experiments was
carried out, without providing peptone (which itself is a nitrogen source) but doubling the
concentration of YE to avoid possible nutrient limitations that may cause the culture washout in
continuous reactors. The average biomass concentration reached was found not to be
significantly different than that obtained in LB medium, confirming that carbon and nitrogen are
indeed supplied in excess in the standard media composition. Also, in this case, an increased
biomass concentration was observed when providing FH YE as sole source of nutrient compared
to commercial YE. Thus, it appears that the liquid hydrolysate from FH is able not only to
provide macronutrients, but possibly other micronutrients (vitamins) that result in an improved
overall bacterial growth. Phenolic compounds were not analyzed in this study; however, it has
been previously reported that the liquid hydrolysate generated through conventional
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hydrothermal reactions with longer residence time than FH have higher concentration of
phenolic compounds. This limits its application as nutrient media due to the inhibitory effect of
phenolic compounds on microbial growth [115]. YE is commonly used as a source of
micronutrients, co-factors, vitamins and minerals, but the exact composition is not always
available, making comparison of the two products difficult. On the other hand, from an overall
mass balance perspective, FH YE seems to be a promising alternative as cultivation media. As a
drawback, it should be mentioned that the turbidity of the medium composed by FH YE was
found to have increased, which is a critical point when applying optical density methods to
assess growth.

LB

LB FH

Commercial YE

FH YE

Figure 13. Average E. coli concentration using standard LB media with commercial YE (light
grey) and FH YE (dark grey) compared to media containing only commercial YE (light grey)
and FH YE (dark grey). Error bars refer to standard deviation and letters show statistically
significant differences with p < 0.05
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3.3.3 Yeast Solubilization Kinetics
The values of the kinetic parameters were obtained from the regression. The reaction was
found to be of order 0.86, with an activation energy of 21.3 kJ mol-1 and pre-exponential factor
of 19.36 [L g-1]n-1 s-1. The goodness of the fitting can be inferred from the plots of Fig. 14, where
the result of the regressed model is represented together with experimental points in the whole
range investigated (Fig. 14A), and calculated values are plotted against experimental ones,
showing that points are well aligned along the bisector (Fig. 14B). In addition, standardized
residuals are all comprised within the interval [-2, 2], except for one data point (160 °C and 15
wt% yeast feed), with most of them being between -1 and 1.
The kinetic parameters obtained could further be used for design of commercial scale FH
setup. In particular, the kinetic model can be applied to assess the best operating conditions of a
real scale plant in terms of optimum operating temperature: a tradeoff temperature can be
selected, balancing energy required for heating and gain in reaction conversion. A further
technoeconomic analysis will also assess the costs of the process proposed, related to best
operating temperature. Additional information that can be obtained by the modeling approach are
related to the best residence time, that has a role in the design of a full-scale reactor for yeast
biomass hydrolysis.
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Figure 14. (A) Model (lines) and experimental results (dots) of outlet yeast (solid residue)
concentration as a function of inlet feed concentration at different temperatures and (B)
calculated (line) against experimental values (dots) of outlet yeast (solid residue) concentration

3.4 Conclusions
A continuous hydrothermal process for recovery of nutrients from yeast was developed
whereby 66.5% carbon, 70.4% nitrogen and 61.0% overall yeast was solubilized at 240 °C. Flash
hydrolysis with residence time of 10±2 s can serve as waste disposal and nutrient recovery
technique for yeast slurry (1-15 wt%) without dilution or cost-intensive drying. The liquid
hydrolysate from flash hydrolysis could be used as nutrient for cultivation of E. coli without
growth inhibition. The kinetic parameters, reaction order (0.86), activation energy (21.3 kJ mol-1)
and pre-exponential factor (19.36 [L g-1]n-1 s-1) could further be used for scale-up of flash
hydrolysis setup.
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CHAPTER 4
COMPARATIVE STUDY OF FLASH AND ACID HYDROLYSIS OF MICRO-ALGAE
FOR THE RECOVERY OF BIOCHEMICALS AND PRODUCTION OF POROUS
BIOCARBON NANOSHEETS
Note: The contents of this chapter were adapted from the manuscript submitted to the journal
‘Biomass Conversion and Biorefinery’.
A. Thakkar, P. Pienkos, N. Nagle, T. Dong, J. Kruger, S. Kumar, Comparative study of flash and
acid hydrolysis of micro-algae for the recovery of biochemicals and production of porous
biocarbon nanosheets, Biomass Convers. Biorefin. (under review).

8.5 wt.% micro-algae (Scenedesmus sp.) slurry was parallelly fractionated using two
techniques, ‘flash hydrolysis (FH)’ and ‘acid hydrolysis (AH)’. FH was performed at 240 °C
with a residence time of 10±2 s in a continuous flow reactor, whereas AH was performed at 155
°C and reaction time of 15 min in a batch reactor. About 63% of micro-algal biomass was
solubilized in liquid hydrolysate through both FH and AH. However, AH had an advantage over
FH in recovering micro-algae proteins and carbohydrates. FAME recovery through solvent
extraction from FH and AH derived wet solids (insoluble micro-algae) was 40 and 63%,
respectively. Finally, the FH and AH derived post extraction solid residue was thermally
activated using K2CO3 to produce highly microporous biocarbon nanosheets with BET surface
area of 712 and 1289 m2 g-1, respectively. Overall, an integrated process was developed using
two potential hydrolysis techniques to maximize utilization of micro-algae components.
4.1 Introduction
The biorefineries and renewables are generating increasing interest worldwide, however,
one of the major challenges it faces is utilization of biomass in its entirety. For development of
an economically viable biorefinery, increasing the process energetic yields and value-added coproduction with an integrated approach is crucial [120–123].
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In general, hydrocarbon fuel is produced from micro-algae through two distinct
pathways: hydrothermal liquefaction (HTL) and algal lipid upgrading (ALU). HTL can directly
convert entire micro-algae biomass into a biocrude. However, HTL has many limitations
including high nitrogen content in biocrude due to the presence of proteins in micro-algae [124],
and also generates aqueous and solid byproducts for which valorization technology is currently
underdeveloped. Alternatively, in the ALU pathway, lipids are first extracted from micro-algae
followed by its upgradation [125]. Nevertheless, cost effective and efficient lipid extraction from
micro-algae is one of the bottlenecks in this approach [126]. Moreover, the non-lipid fraction
(proteins and carbohydrates) of micro-algae is degraded in both HTL and ALU process.
Further reduction in cost of algal biofuel by increasing the lipid content and overall
biomass productivity, seems challenging. Improving cultivation and harvesting processes can
help cut capital investment, but these advances alone might not be adequate to reduce the
production costs to prices competitive with petroleum-based fuels. Recovering non-lipid microalgae fraction and utilizing it efficiently for the production of value-added biochemicals could be
the way forward for cost reduction and risk mitigation [121].
Early on, algal biofuel processes were focused on lipids while the carbohydrate and
protein fractions were relegated to anaerobic digestion for biogas production. In later stages,
along with lipid derived biofuels, the carbohydrate fraction of micro-algae was recovered using
dilute acid pretreatment and then fermented to produce fuel or biochemicals [127,128]. This
approach had an advantage over the processes that focus on lipid alone, but it limited the
biomass feedstock options to low protein and moderate-to-high carbohydrate and lipid content.
This placed more burdens on cultivation to both, reduce biomass costs by increasing productivity
and improve biomass quality by moving away from high-protein micro-algae [120,121,129].
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These factors highlight the requirement of processes that allow flexibility in accommodating
micro-algae with high protein.
Two of the widely reported micro-algae fractionation technologies are flash hydrolysis
(FH) and acid hydrolysis (AH). FH is a chemicals-free subcritical water based continuous-flow
process. In FH, wet biomass slurry is subjected to high temperature (160–280 °C) for a very
short residence time (8–12 s). On the other hand, AH is a dilute acid pretreatment process that is
carried out at a relatively lower temperature (120–200 °C) for longer reaction time (10–15 min).
In separate studies using various algae species and slurry concentrations, both FH and AH have
been reported as efficient fractionation techniques that produce liquid hydrolysate and lipid-rich
solids [115,116,120,121,130].
Liquid hydrolysate made up of solubilized biomass components has proved to be an
excellent nutrient media for fermentation without addition of yeast extract and peptone as
supplements. In Chapter 3, it was demonstrated that liquid hydrolysate rich in solubilized
proteins can be effectively used as a fermentation media for cultivation of E. coli without growth
inhibition [130]. Also, with AH of micro-algae, Dong et al. [121] observed that liquid
hydrolysate supported rapid and robust fermentation of S. cerevisiae to produce ethanol. It has
been also reported that the lipids are retained in the solid fraction of FH and AH hydrolysate
[121,124]. After the extraction of lipids from the solids using solvents, a considerable amount of
the so-called post-extraction solid residue (PESR) is available for valorization as a co-product.
In an integrated process that maximizes micro-algae utilization, the effective use of PESR
would be critical to make the process more economical [131,132]. PESR which is mainly
composed of carbohydrates and proteins as well as unextracted lipids could be an attractive
precursor for producing porous biocarbon doped with heteroatoms. Heteroatoms in the carbon
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lattice are known to significantly enhance mechanical, semi-conducting, field-emission, and
electrical properties of carbon materials [133]. Specifically, nitrogen doping is considered to be
the most promising method for enhancing surface polarity, electric conductivity, and electrondonor tendency of the activated carbon (AC) [134]. Activation of PESR to produce porous
carbon material has been previously reported by Chang et al. [132] but the precursor was not
fractioned before activation to recover valuable proteins and carbohydrates.
Various agents like KOH, NaOH, and ZnCl2 are used for activating biomaterials. Even if
these activating agents are efficient in producing carbon with desirable properties, their harmful
effects (corrosiveness and environmental concerns) make them less desirable. For these reasons,
K2CO3 is being increasingly considered for its application as an activating agent [129,135].
This study for the first time aims to compare FH and AH process for fractionation of
high-protein low-lipid micro-algae. The comparison was based on recovery and solubilization of
carbohydrates and proteins as well as the accessibility of lipids in wet solids for solvent
extraction. To the best of our knowledge, a continuous flow FH of concentrated (8.5 wt.%)
micro-algae slurry has not been reported so far. Also, for efficient utilization of hydrolyzed
fractions, the PESR derived from FH and AH was processed thermally to produce porous
biocarbon using K2CO3 as an agent in a single step activation process. The objective of this study
was to develop processes to maximize the utilization of micro-algae components efficiently.
4.2 Material and Methods
Micro-algae Scenedesmus sp. supplied by National Renewable Energy Laboratory (CO,
USA) was used for the experiments. Hydrochloric acid (HCl), sulfuric acid (H2SO4) and sodium
hydroxide (NaOH) were purchased from Alfa Aesar (MA, USA). Amino acid standard H, eluent
chemicals for Ion Chromatography (IC), standard for elemental composition (2,5-Bis(5-tert-
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butyl-benzoxazol-2-yl)thiophene), and anhydrous potassium carbonate (K2CO3) were purchased
from Thermo Scientific (MA, USA). Carbon (1000 ppm) and nitrogen (100 ppm) standards were
procured from Ricca Chemical Company (TX, USA). De-ionized (DI) water was used for all the
experiments unless otherwise specified.
4.2.1 Flash and Acid Hydrolysis
8.5 wt.% micro-algae slurry was used as feed for both FH and AH experiments, the
resultant hydrolysates were made up of liquid fraction (liquid hydrolysate) and solid fraction
(solids). The schematic of the FH setup, component details, and operation parameters have been
described in Chapter 3. Briefly, the FH unit consists of a pumping system, tubing, reactor,
induction heating and control system, quenching zone, and back pressure regulator (BPR). The
micro-algae slurry was pumped at a flow rate of 95 mL min-1 to maintain the residence time of
10±2 s in the reactor. The pressure of 10.3±0.3 MPa which was higher than the vapor pressure of
water at the reaction temperature of 240 °C was maintained using the BPR and then the
induction heater was switched on. The deviation in reaction temperature was <10 °C during all
the runs. For each run, the system was operated for 10 min to collect about 1 L of product. The
residence time of the reactor was calculated using Eq. 1, where V is the reactor volume (mL), F
is the volumetric flow rate of pumps (mL min-1), ρpump is the density of water at pump conditions
(g mL-1), and ρP,T is the density of water at reactor conditions (i.e., pressure and temperature).
𝑡=

𝑉
𝜌𝑝𝑢𝑚𝑝

𝐹(

𝜌𝑃,𝑇

)

(1)
Acid hydrolysis of the micro-algae was performed in continuously stirred (300 rpm)
batch mode using a 0.5 L Parr reactor. The furnace was preheated for 30 min to reduce the
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temperature ramp time. Appropriate volume of 72% H2SO4 was added to the micro-algae slurry
to make a reaction mixture containing 0.85 wt.% H2SO4 and 8.5 wt.% micro-algae. The H2SO4
concentration was 10% of micro-algae concentration which was found to be optimum by
Knoshaug et al. [136]. Each batch was made up of 400 mL of reaction mixture. The contents
within the Parr reactor typically reached the desired reaction temperature of 155±2 °C in 10–11
min of placing the reactor in the furnace as measured by the thermocouple at the center of the
reactor. Reaction temperature of 155±2 °C and autogenous pressure was maintained for 15 min
before cooling it down to <50 °C in 10 min by submerging the reactor in water bath. At the end
of experiment, the residual pressure in the reactor was slowly released and the reaction mixture
was collected.
The solubilization of components (carbon, nitrogen, proteins, and carbohydrates) in
liquid hydrolysate was calculated using Eq. 2 and micro-algae solubilization was calculated
using Eq. 3.
𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =

𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒 (𝑔/𝑙)
𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛 𝑓𝑒𝑒𝑑 (𝑔/𝑙)

× 100

(2)
𝑀𝑖𝑐𝑟𝑜 − 𝑎𝑙𝑔𝑎𝑒 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =

𝑆𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑒𝑒𝑑 (𝑔/𝑙) − 𝑆𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒 (𝑔/𝑙)
𝑆𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑒𝑒𝑑 (𝑔/𝑙)

× 100

(3)
All FH and AH experiments were performed in triplicate and the reported results are the average
of three values. Fig. 15 depicts the proposed fractionation scheme for micro-algae.
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Figure 15. Proposed fractionation scheme for micro-algae (* not included in this study)

4.2.2 Analysis of Flash and Acid Hydrolysis Products
After each experiment for analytical purpose, a mixture of liquid and solid products was
recovered and separated by vacuum filtration using mixed cellulose esters (MCE) membrane disc
filters (0.22 μm). The solid fraction was washed using DI water and dried at 105 °C to determine
percentage of micro-algae solubilization. The liquid hydrolysate was analyzed for total carbon
(TC) and total nitrogen (TN) composition using a Shimadzu TC/TN analyzer (Suzhou, China).
The gaseous products, which were low in the temperature range of study, were vented without
analysis. The elemental composition of micro-algae and other solids generated in this research
work was analyzed using Flash 2000 Elemental Analyzer (EA) by Thermo Scientific (Bremen,
Germany). The liquid hydrolysate was also further analyzed for solubilized proteins and
carbohydrates. Both free amino acid and peptide composition in liquid hydrolysate and micro-
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algae was determined using IC (Dionex ICS-5000 AAA-DirectTM equipped with an AminoPac
PA10 column and column guard) supplied by Thermo Scientific (MA, USA) using methodology
reported in Chapter 3. Similarly, free carbohydrate monomer and oligomer composition was
determined using high pressure liquid chromatography (HPLC) with Bio-Rad Aminex HPX-87P
column. Carbohydrate composition in liquid hydrolysate and micro-algae was analyzed as per
NREL/TP-510-42623 [137] and NREL/TP-5100-60957 [138] standard procedure, respectively.
4.2.3 Lipid Extraction and Product Analysis
The solids generated through AH and FH were concentrated to 10-12 wt.% using
centrifuge and then the lipids were solvent extracted from wet solids. Solids (10-12 wt.%):
Hexane: Ethanol:: 3: 3: 1 (volume basis) was used for three sequential extractions followed by
phase separation, based on the process published by Wendt et al. [139] where petroleum ether
was used instead of hexane. The solvent was recovered overnight using a rotary evaporator at 55
⁰C and the lipid extraction was quantified gravimetrically. The PESR from FH and AH was
washed using DI water and then dried at 105 ⁰C. The extracted lipids and the lipids in the microalgae feed were analyzed as fatty acid methyl ester (FAME) using method described in
NREL/TP-5100-60958 [140]. Functional groups and surface morphology of PESR was analyzed
using Cary 630 Fourier Transform Infrared Spectroscopy (FTIR) and Thermo Scientific Phenom
Pure Desktop Scanning Electron Microscope (SEM), respectively.
4.2.4 Carbonization of Post Extraction Solid Residue and Product Analysis
0.2 g of PESR derived from FH and AH was impregnated with a desired volume of 50
wt.% K2CO3 solution for 3 h followed by overnight drying at 105 °C. 0 (no K2CO3), 0.25, and
0.5 K2CO3 impregnation ratios (IR) were used, calculated using Eq. 4. The resultant dry mixture
was filled in an alumina holder which was suspended at the center of the thermogravimetric

60

analyzer (Model No.: TGA-50; Shimadzu Co., Japan) using platinum support. The temperature
was ramped up at a rate of 5 °C min-1 from room temperature to 850 °C and held for 3 h before
cooling it down back to room temperature. The resultant biocarbon was washed twice with 40
mL hot DI water to remove residual K2CO3 and other pore blocking contaminants. After
washing, the product was dried overnight at 105 °C and weighed. The product yield was
calculated using Eq. 5.
𝐼𝑚𝑝𝑟𝑒𝑔𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 (𝐼𝑅) =

𝑃𝑜𝑡𝑎𝑠𝑠𝑖𝑢𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 (𝑔)
𝐹𝐻 𝑜𝑟 𝐴𝐻 𝑃𝐸𝑆𝑅 (𝑔)

(4)
𝑌𝑖𝑒𝑙𝑑 (%) =

𝐷𝑟𝑦 𝑤𝑎𝑠ℎ𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑔)
𝐹𝐻 𝑜𝑟 𝐴𝐻 𝑃𝐸𝑆𝑅 (𝑔)

× 100

(5)
The characteristics of these biocarbon were analyzed further. The Brunauer–Emmett–
Teller (BET) surface area and total pore volume were analyzed via N2 adsorption/desorption in a
Quantichrome NOVA 2000e analyzer. Quenched Solid Density Functional Theory (QSDFT)
was used for calculating pore size distribution. All products were degassed at 200 °C for 15 h
prior to analysis. A High-Resolution Transmission Electron Microscope (TEM) (Model: JEM2100F) with accelerating voltage 200 kV and probe size under 0.5 nm was used to analyze
biocarbon with maximum BET surface area derived from FH and AH PESR.
4.3 Results and Discussion
4.3.1 Flash and Acid Hydrolysis Product Analysis
The micro-algae was made up of 54.3% proteins, 15.2% carbohydrate, 8.0% FAME, and
10.8% ash. The elemental and ash composition of micro-algae is shown in Table 6. Although,
the reaction conditions for FH and AH were very different, the solubilization of carbon, nitrogen,
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and the overall biomass after FH and AH was found to be similar. 44.4±0.9% carbon, 61.1±1.5%
nitrogen, and 63.1±1.7% biomass was solubilized after FH whereas 48.0±2.4 % carbon, 61.6±3.3
% nitrogen, and 63.1±1.4 % biomass was solubilized after AH. The pH of FH and AH
hydrolysates was 6 and 2.7, respectively.

Table 6. Elemental and ash analysis of micro-algae, PESR, and biocarbon on moisture free basis
N (%)

C (%)

H (%)

Ash (%)

Microalgae
FH
PESR
IR

9.8±0.04 49.6±0.90 7.1±0.09 10.8±0.40

0

4.6±0.16 65.7±2.44 0.5±0.07 22.2±2.15

0.25

1.1±0.01 62.2±0.68 1.2±0.21 22.7±0.75

0.50

0.6±0.09 62.8±0.86 1.0±0.07 22.7±0.25

AH
PESR
IR

8.8±0.48 57.3±0.25 7.7±0.05 2.5±0.70

0

4.1±0.18 66.9±0.08 0.8±0.29 15.9±0.90

0.25

0.8±0.01 68.5±0.79 1.0±0.16 21.6±2.55

0.50

0.6±0.02 66.3±0.49 0.8±0.18 19.2±0.55

9.6±0.47 57.8±0.09 7.6±0.01 5.7±0.50
FH Biocarbon

AH Biocarbon
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It has been reported that estimating proteins using nitrogen-to-protein factor could be
inaccurate in case of micro-algae since there can be significant amount of non-protein nitrogen
from sources like nucleic acids, chlorophyll, and nitrogen-containing lipids, metabolites,
inorganic nitrogen species [141] as well as degraded nitrogenous products if any [115]. Even
though the nitrogen solubilization in FH and AH liquid hydrolysate was similar, as seen in Table
7, the amino acid and peptide composition of hydrolysates was different. Overall, it is seen that
AH solubilized proteins better than FH. Also, the proportion of amino acid (monomer) in total
amino acid and peptide mixture was higher in AH liquid hydrolysate compared to FH liquid
hydrolysate, except for arginine and aspartate. It has been previously reported and also observed
here that arginine is the most solubilized amino acid monomer when micro-algae is flash
hydrolyzed [115]. The protein composition of micro-algae is also shown in Table 7.

Table 7. Protein composition of micro-algae, FH liquid hydrolysate, and AH liquid hydrolysate
FH Solubilization (%)

AH Solubilization (%)

Amino
acid

Amino acid
and peptides

Amino
acid

Amino acid
and peptides

Arginine

Micro-algae
composition
(%)
6.7

70.2

100.0

53.1

86.8

Glutamate

5.7

12.8

97.7

51.3

97.6

Alanine

5.3

37.3

75.6

51.9

91.4

Lysine

4.9

13.2

37.0

31.4

65.8

Leucine

4.8

22.0

47.1

38.3

65.3

Aspartate

4.6

5.1

39.6

5.7

95.8

Valine

4.3

23.3

52.5

36.2

64.5
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Phenylalanine

3.5

18.4

43.2

31.0

59.2

Proline

3.4

31.6

57.4

48.3

79.6

Glycine

3.0

28.6

74.2

31.0

73.3

Threonine

2.5

19.1

42.0

52.8

71.7

Isoleucine

2.4

22.7

46.7

35.5

64.6

Serine

1.6

17.2

41.9

23.1

52.3

Tyrosine

1.4

7.9

62.6

16.4

66.1

Cystine

0.3

0.0

0.0

0.0

0.0

Methionine

0.0

0.0

0.0

0.0

0.0

Histidine

Present, not quantified

The carbohydrate fraction of micro-algae was made up of 7.5% glucose, 3.2% galactose,
and 4.4% mannose. The solubilization of these components in the liquid hydrolysates are shown
in Table 8. Solubilization of glucose was low compared to galactose and mannose in both FH
and AH liquid hydrolysate. Most of the solubilized carbohydrates were in oligomeric form,
which means an additional hydrolysis step might be required to produce monomers for
fermentation. Similar to protein solubilization, carbohydrates were also solubilized better
through AH compared to FH at conditions experimented in this study.
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Table 8. Carbohydrate composition of FH liquid hydrolysate and AH liquid hydrolysate

FH
AH
FH
AH

Solubilization (%)
Glucose
Galactose
Carbohydrate monomers
0.0
0.0
2.0
32.7
Carbohydrate monomers and oligomers
5.1
54.2
6.8
96.3

Mannose
10.2
19.1
78.7
100.0

4.3.2 Lipid Extraction and Product Analysis
The solvent extracts (lipids) obtained gravimetrically from FH and AH solids were 13.2
and 9.8% of biomass feed, respectively. However, only 24.5% of FH and 51.3% of AH lipids
were accounted as FAME. This indicated that a significant amount of components other than
fatty acids and free fatty acids were extracted in the solvent. FAME composition of micro-algae,
lipids extracted from FH solids, and lipids extracted from AH solids is shown in Table 9. The
three major FAME in micro-algae were C16:0, C18:3n3, and C16:4. Polyunsaturated Fatty Acid
(PUFA), C18:3n3 and C16:4 contributed >50% of total FAME in micro-algae. The overall
FAME recovery from micro-algae after FH and AH was 40.3 and 60.0%, respectively. This
difference was mainly due to inefficient recovery of PUFA from FH solids. The recovery of
Saturated Fatty Acid (SFA) and Monounsaturated Fatty Acid (MUFA) from FH solids was
slightly higher than AH solids.
Several hypotheses have been used to explain the low level of extractable lipids after AH,
including physical entrapment of lipids in residual biomass, side reactions causing interaction of
lipids to cell wall residue, and adherence of lipids to the reactor surface [120,121]. Particularly,
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in case of early harvest micro-algae that has high protein and low lipid content like the one used
in this study, lipid extractability with hexane after acid pretreatment was found to be on the
lower side. A combination of factors, including the complex and heterogeneous nature of the
lipid fraction and inadequate hexane migration through polar biomass constituents, were reported
to be responsible [142]. Harsher hydrolysis conditions of higher temperature, longer reaction
time, and higher acid concentration in AH and strategies like multi-pass and chemical-aided FH
could be used to further improve the FAME recovery.
Extraction of lipids from dry biomass is usually more efficient compared to wet biomass.
Drying of biomass is an energy intensive process and thus not ideal for a large-scale process
[132]. However, it should be noted that other than FAME, the solvent extract may also have
components like ash, carbohydrates, proteins (amino acids), sterols, nucleic acids, pigments, and
some other unknowns [141]. This makes the concentration of solids very important in wet
extraction. Higher concentration of solids may reduce co-extraction of components other than
lipids present in liquid hydrolysate. As observation but not elaborated in this article was the
density difference between FH and AH derived solids. Preliminary studies revealed that FH
solids could be concentrated up to 35.6 wt.% compared to 13.2 wt.% AH solids using same
centrifugal force and time. This indicated that AH solids may have lower density than FH solids.
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Table 9. FAME analysis of micro-algae, lipids extracted from FH solids, and lipids extracted
from AH solids

C16:0
C10:0
C18:1n9
C18:1n7
C16:1n11
C16:1n7
C18:3n3
C16:4
C18:2n6
C16:3
C18:4n3
C16:2
C20:4n6
C16

Micro-algae
FH
(% of the total
Recovery (%)
FAME)
Saturated Fatty Acid (SFA)
18.0
62.8
0.7
14.9
Monounsaturated Fatty Acid (MUFA)
3.9
82.7
2.2
86.3
2.0
56.2
0.8
86.5
Polyunsaturated Fatty Acid (PUFA)
36.7
25.2
17.0
14.4
4.8
43.9
3.7
43.7
1.5
15.3
1.4
41.2
0.7
98.5
Unknown
3.5
78.6

AH
Recovery (%)

47.4
2.3
76.6
83.9
63.0
76.0
66.2
58.8
69.8
69.1
61.5
66.4
100.0
83.7

The FTIR spectrum of FH and AH PESR revealed their biochemical similarity. As
reported in Fig. 16, the C-H stretch at wavelength 2919 and 2851 cm−1 represents residual lipids.
Absorbance linked to amide I (C═O stretch) and amide II (N−H and C−N vibrations) at 1623
cm−1 and 1517 cm−1, respectively, suggests presence of proteins. The absorbance due to βglucans at 1031 cm−1 confirms that glucose solubilization through FH and AH was low.
However, substantial differences in the morphology of FH and AH PESR was seen in the SEM
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images. The AH PESR was found to have highly perforated structure while FH PESR was a
compact structure. This supported the claim of density difference in FH and AH PESR.

Figure 16. FTIR spectrum and SEM images of FH and AH PESR

4.3.3 Carbonization of Post Extraction Solid Residue and Product Analysis
After extraction, the PESR from FH and AH were carbonized at 850 °C, washed, and
characterized. PESR carbonized without K2CO3 showed minimal surface area and no porosity,
indicating the need for a carbonization catalyst. N2 adsorption/desorption isotherms of biocarbon
produced from FH and AH PESR with K2CO3 (IR=0.25 and 0.5) are shown in Fig. 17. All
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isotherms (A1, A2, B1, and B2) exhibit a type IV profile. Also, the hysteresis loops seen here
can be classified as H4 loop based on the IUPAC classification of adsorption isotherms. The
more pronounced uptake at low relative pressure (P/P0) in case of B1 and B2 compared to A1
and A2 indicate higher micropores in AH derived biocarbon. This was also evident in the pore
size distribution (Fig. 18). H4 loops are often found with aggregated crystals of zeolites, some
mesoporous zeolites, and micro-mesoporous carbons that have narrow slit pores. One of the
features of H4 loop also seen in Fig. 17 is the sharp step-down of the desorption branch located
in a narrow range of P/P0 ∼0.4–0.5 for nitrogen at temperatures of 77 K. In case of a type IV
isotherm, the hysteresis occurs because of capillary condensation when the pore width exceeds
∼40 Å [143].

Figure 17. N2 adsorption/desorption isotherms of [A1] FH biocarbon (IR=0.25), [A2] FH
biocarbon (IR=0.50), [B1] AH biocarbon (IR=0.25), and [B2] AH biocarbon (IR=0.50)
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The pore size distribution shown in Fig. 18 indicates that all four biocarbon were mostly
microporous (<20 Å). High microporous region in biocarbon is desirable in applications like gasstorage/capture [142]. With increase in IR from 0.25 to 0.50, the microporous volume out of total
pore volume decreased from 81.6% to 67.8% and 92.6% to 78.5% in FH and AH derived
biocarbon, respectively. This decrease in microporous volume with increase in IR could be due
to the increased amount of metallic potassium penetration which causes enlargement of carbon
matrix and increased porosity [142].

Figure 18. Pore size distribution of [A1] FH biocarbon (IR=0.25), [A2] FH biocarbon (IR=0.50),
[B1] AH biocarbon (IR=0.25), and [B2] AH biocarbon (IR=0.50)
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BET surface area, total pore volume, and yield for biocarbon produced from FH and AH
PESR is shown in Table 10. Despite of the biochemical similarity between FH and AH PESR,
there was significant difference in their morphology. The perforated morphology of AH PESR
could have caused enhanced metallic potassium penetration compared to FH PESR, resulting in
higher BET surface area and total pore volume. This also resulted in lower yield of AH
biocarbon at IR=0.5 due to higher decomposition of the PESR.
The elemental and ash content of biocarbon is shown in Table 6. AH PESR had lower ash
content compared to FH PESR, this resulted in biocarbon from AH with relatively lower ash.
Biocarbon produced without K2CO3 (IR=0) had high amount of nitrogen but lacked porosity and
active sites. At IR=0.5, both FH and AH biocarbon had 0.6% nitrogen and high porosity which
makes it an attractive material for applications including supercapacitor electrodes, CO2 capture,
and catalysts for oxygen reduction reaction. This claim can be further bolstered by the TEM
images (Fig. 19) which show continuous branched porous framework of carbon nanosheets and
fully interconnected micropores. Wei et al. have reported biocarbon produced from stem bark
with similar structure and 1.7% nitrogen doping to have capacitance up to 416 F g-1 and CO2
adsorption up to 6.7 mmol g-1 [133]. The magnified TEM images show both FH and AH
biocarbon to be highly porous sponge like material with uniform pores. A noticeable difference
in the porosity of AH and FH biocarbon is seen which is consistent with the BET analysis.
Overall, both FH and AH have their advantages and disadvantages in terms of mode of operation
(batch or continuous), reaction severity (acid concentration, temperature, and pressure), and
quality of value-added co-products. These factors have an influence on the process economics as
well as the scalability. Moving forward, the information generated through this research will be
useful in narrowing down the efforts in development of integrated micro-algae biorefinery.
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Table 10. BET surface area, total pore volume, and yields for biocarbon produced from FH and
AH PESR
FH

AH

Impregnation BET

Total pore Yield

BET surface

Total pore

Yield

ratio

surface

volume

area

volume (cm3

(%)

area

(cm3 g-1)

(m2 g-1)

g-1)

(%)

(m2 g-1)
0

Not

Not

30.0±1.0 Not detected

Not detected

25.9±1.4

detected

detected

0.25

571.4±80.9

0.35±0.04

29.0±0.3 732.1±35.7

0.40±0.02

25.7±1.3

0.50

711.9±77.9

0.49±0.00

32.5±2.5 1288.5±9.7

0.72±0.00

18.8±0.3

Figure 19. TEM images of [A2] FH biocarbon (IR=0.50) and [B2] AH biocarbon (IR=0.50)
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4.4 Conclusions
The biochemicals recovery from micro-algae through two promising fractionation
techniques, flash hydrolysis (FH) and acid hydrolysis (AH) was decisively compared. AH (batch
mode) had an advantage over FH (continuous mode) in recovering proteins, carbohydrates, and
FAME. To utilize micro-algae in entirety, the post extraction solid residue from fractionation
process was effectively used to produce biocarbon nanosheets. The BET surface area (FH: 712
m2 g-1 and AH: 1289 m2 g-1), highly microporous structure, and heteroatom containing
composition of the renewable biocarbon will make it an attractive material for multiple
applications, including supercapacitors, CO2 capture, and catalysts for oxygen reduction reaction.
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CHAPTER 5
RECOMMENDATIONS FOR FUTURE WORKS

In this study, hydrothermal processes were developed, optimized, and applied for
extraction and conversion of biomass from various sources to produce bio-chemicals and
biofuels with an aim to develop integrated biorefineries. An integrated approach for utilization of
biomass in its entirety is believed to be advantageous in making the process economically viable.
However, researchers throughout the world have proposed various integrated approaches. Thus,
the comparison of these approaches in terms of techno-economics and lifecycle may help in
narrowing down the technologies for further investigation and commercialization. While the
focus of this research was on producing value-added products effectively, it has also
demonstrated some applications of these products. A further investigation directed towards
processing these products and its application will help in closing the loop.
As discussed in Chapter 2, the cellulose rich pretreated biomass can be processed using
thermochemical and biochemical pathway to produce levulinic acid and fermentable sugars,
respectively. Separation, purification, and conversion techniques for these biochemicals to
produce end products can be developed further. Since both hydrothermal and biochemical routes
have their own advantages and disadvantages, it would be interesting to have techno-economic
analysis (TEA) and lifecycle analysis (LCA) for comparison and down selection of the
developed pathways.
In Chapter 3, flash hydrolysis (FH) of yeast was discussed for solubilization of proteins.
The experiments were done using commercial dry yeast as a model for brewer’s spent yeast. The
proposed FH technology can be used for processing spent yeast (industrial waste). The spent
yeast slurry generated in the industry also has other components like fermentation media,
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metabolites, added ingredients like hops etc. The effects of these components on FH of yeast can
be researched to bring the technology closer to the commercial settings. Also, unlike high lipid
micro-algae, Saccharomyces cerevisiae has relatively lower lipids content making it less
attractive for biofuel production. For this reason, the solid residue generated through FH of yeast
may be directly used for the production of biocarbon material using techniques discussed in
Chapter 2 and 4 of this dissertation. The proposed FH technology for recovery of proteins and its
application as a nutrient media is an alternative to the widely used enzymatic (biochemical)
method for the production of YE. Many advantages and disadvantages of the two techniques
were discussed, however, FH may prove to be a good replacement for the traditional method
only if it is economically viable and thus it needs further investigation in that direction.
The scaled-up FH technology used in Chapter 3 and 4 was found to have potential
application in biomass processing. At the same time, it also had some scope for improvement.
All experiments conducted in this research used single pass FH i.e., the biomass slurry was
pumped through the reactor only once. Even though the solubilization of biomass components
using single pass FH was significant, it could be further improved using multi pass FH i.e., the
insoluble biomass residue can be pumped through the reactor multiple times. This could improve
solubilization as well as fatty acid methyl ester (FAME) recovery in case of micro-algae. FH
technology developed in this research was chemical-free, which makes it a green technology.
Adding a small amount of chemicals like acids and bases to the biomass slurry before FH may
potentially aid the hydrolysis of biomass. Advantage of chemically aided FH may outweigh its
disadvantage of not being chemical free process and thus needs to be evaluated. The pilot FH
system used in this research work could process highly concentrated slurry which was not
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reported earlier. Nevertheless, the heat and mass transfer in this system can be improved further
by modifying the design based on reaction kinetics and simulation using sophisticated software.
Overall, when it comes to hydrothermal technology as observed in this research, solid
residue is generated in significant amounts. This solid residue can be effectively used as a lowcost precursor for the production of porous carbon materials which was demonstrated in Chapter
2 and 4. These porous materials with high surface area and volume can be used as a
supercapacitor as discussed in Chapter 2. The other unexplored applications could be gas-liquid
phase separation, purification of gases, waste-water treatment, catalysis etc. Such materials have
the potential to replace existing coal-based carbon used in many industrial applications [144].
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APPENDICES
APPENDIX A: OPERATION, TROUBLESHOOTING, AND SAFETY MEASURES FOR
PILOT FLASH HYDROLYSIS UNIT
1. Start-up and operation
1. Ensure all units are plugged into the appropriate power supply.
a. Chilling unit: 230V outlet
b. LEWA pump: 115V outlet
-

Pump turns on automatically when plugged in, use a power strip as an on/off switch.

c. Induction heat power supply: 230V outlet
d. Induction heat digital display: 115V outlet
2. Turn on chilling unit: Must be turned on prior to induction heat power supply to prevent its
overheating.
3. Prime Lewa pump: If the pump has not been used for several days, priming may be
necessary.
a. To prime the pump, close the inlet valve so water is only pulled from the calibration
column (shown in picture below).
b. Ensure pressure regulators are set to zero as not to increase pressure created by the
pump.
c. Turn on the pump and allow distilled (DI) water to be drawn from the calibration
column that is elevated above the pump inlet.
-

Ensure no air pockets or bubbles are formed. Pump outlet may have to be
disconnected from the system for this to occur.
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4. Once the pump is primed, flow of DI water needs to be slowly transitioned from the
calibration column to slurry reservoir (elevated above pump level).
a. This can be done by slowly opening the valves to allow slurry to flow from the
reservoir using the two valves shown in picture below.
b. If the pump does nor need priming, start pumping slurry directly.
5. Set back pressure regulator (BPR) to operation pressure: This is done by adjusting the air
regulator on the compressed air cylinder that is connected to the dome loaded BPR.
a. Verify that the pressure gauge at the pump outlet reads required operating pressure. If
not, adjust the compressed air regulator.
6. After reaching operating pressure, ensure flow is continuous from the outlet of the dome
loaded BPR.
7. Once flow is established the induction heating can be turned on.
a. First turn both switches on the power supply.
b. Once the power supply is on you can access the digital display.
-

Select appropriate heating rate/ramp up time and final temperature.

-

Parameters can be adjusted via the digital display as need. Please refer to the manual
to do so.

8. Allow system to reach desired temperature.
9. Watch pump outlet pressure to check for clogging. If pressure stays elevated above operating
pressure a clog has likely occurred, and system should be shut down.
10. If the flow is smooth and temperature/pressure are stable, start collecting the hydrolysate in
an appropriate container at the outlet.
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2. Shutdown
1. Shut off induction heating using the digital display.
2. Allow system to cool to <50°C.
3. Reduce the back pressure slowly to 0, using air regulator.
4. Switch flow from slurry reservoir to DI water reservoir.
5. Allow water to flow through the system until slurry is cleared.
6. Turn off pump.
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3. Troubleshooting
Symptom

Possible cause

Remedy

No flow at

1. Improper priming

1. Prime the pump using calibration

the outlet

2. Inlet line is not submerged in fluid

(commonly
observed)

3. Clogging in the line or reactor
4. Clogging in BPR
5. Slurry too concentrated or viscous
6. Pump check valve dirty or damaged

column
2. Ensure fluid level in reservoir is
above the inlet line
3. Dismantle and clean the lines and
reactor
4. Unclog the BPR by back flushing
5. Dilute the slurry
6. Clean the inlet and outlet check
valve (replace if cleaning doesn’t
help)

Overheated

1. Insufficient or discontinuous flow

1. Dismantle and clean the lines and

reactor

reactor; Unclog the BPR by back

(reddening)

flushing; Clean the inlet and
outlet check valve (replace if
cleaning doesn’t help)

Air in outlet

1. BPR O-ring misplaced

line

2. Ruptured BPR diaphragm

1. Reposition O-ring (replace if
damaged)

99

2. Replace BPR diaphragm
Temperature 1. Insufficient or discontinuous flow

1. Dismantle and clean the lines and

fluctuation

2. High pulsation in flow

reactor; Unclog the BPR by back

around set

3. Improper PID controller setting

flushing; Clean the inlet and

point

outlet check valve (replace if
cleaning doesn’t help)
2. Check pressure in pulsation
dampener and refill if required
3. Change PID controller setting
(trial and error)

Insufficient

1. Pump check valve dirty or damaged

1. Clean the inlet and outlet check

pump outlet

valve (replace if cleaning doesn’t

pressure

help)

Note: Before using the above remedies make sure routine maintenance for pump and chiller is
done. Refer to instrument manuals for other uncommon symptoms.

4. Safety measures
1. Do not touch any of the electrical connections or hot surfaces with bare hands.
2. Always use personal protective equipment (PPE) while operating the unit.
3. Use strainer to remove any large suspended particles or clumps in the slurry to protect the
pump.
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4. Before operation, check the accuracy of the reactor thermocouple using a reference
thermocouple.
5. Be watchful of the steam venting out from the weep hole during the heating and cooling of
the reactor.
6. Use the emergency stop on the induction heat power supply if reddening of reactor is
observed due to overheating.
7. Always set the high temperature cutoff in the induction heat digital display.
8. Do not exceed the max pressure limit for any of the component in the system.
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